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The global demand for water is increasing due to unprecedented population growth, 
accelerated urbanization, economic development, and climate change. With water demand 
outpacing supply, intensifying periodic water shortages are driving the development of creative 
solutions to address this global challenge. These include sustainable and efficient management of 
traditional water resources, conservation strategies, and the incorporation of alternative water 
sources including seawater and wastewater effluents. Although more sustainable, these 
alternative water sources are complex and result in new challenges for providing a safe and 
reliable supply of drinking water. In comparison to conventional water treatment methods, 
pressure-driven membrane technologies are advantageous because they offer an effective single-
step process for removing pathogens along with organic and inorganic contaminants. 
Despite their advantages, technical advances, and the development of novel membrane 
materials in recent decades, the relatively high cost of energy required for membrane processes 
and operational problems associated with membrane fouling and fouling control strategies have 
restricted a more widespread implementation of nanofiltration (NF) and reverse osmosis (RO) 
technologies. In addition, the similar polyamide (PA) chemistry used for most commercially 
available NF and RO membranes limits the water permeability and solute selectivity that could 
be achieved. 
In contrast, covalent organic frameworks (COFs) are an emerging class of materials that 
offer exceptional opportunities to overcome these challenges. COFs are constructed from 
modular building blocks to form crystalline, permanently porous materials. Employing two-
dimensional (2D) COF active layers in the thin-film composite (TFC) membrane structure 
should provide selective layers with uniform pores that can be tailored at the molecular level. 
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This molecular-level design allows for control of the pore structure and chemical functionality 
unlike the empirically optimized PA active layers that currently dominate the membrane 
technology sector. Furthermore, the ultrathin nature, uniform nanometer-size pores, strength, and 
durability of 2D COF active layers should provide a desirable combination of high selectivity 
and water permeability. 
For the first time, this work demonstrates the capability and potential of using COFs as 
TFC membrane active layers for water purification applications. Initially, NF active layers of 
polyimine COF were synthesized via the interfacial polymerization (IP) of terephthalaldehyde 
and tris(4-aminophenyl)benzene monomers on top of a polyethersulfone (PES) ultrafiltration 
membrane support. Rutherford backscattering spectrometry and Fourier transform infrared 
spectroscopy analyses confirmed the presence of an imine-linked film that was reproducibly 
formed with a thickness of ~10 nm. The rejection efficiencies of the COF NF membrane for a 
model organic compound, Rhodamine-WT, and a background electrolyte, NaCl, were higher 
than those of the PES support without the COF film. However, this preliminary work also 
demonstrated the need for COF NF membranes with smaller active layer pores and alternative 
support materials. This motivated the investigation of another COF monomer, triformylbenzene, 
to modulate the pore size and polyacrylonitrile (PAN) as a solvent-resistance support. Although 
the performance was not optimal in terms of water permeability and solute rejection, the first 
generation of COF membranes developed in this work represents a new paradigm for membrane 
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1.1 The Challenge 
Water is essential to life. Making up nearly two-thirds of the human body, it is a basic 
necessity to sustain human existence. Aside from drinking and washing, water promotes life in a 
number of other ways. It allows for crop growth, production of livestock, transportation, energy 
production, and industrialization. However, exploitation of available freshwater sources in 
combination with population growth and climate change has led to global water scarcity.1,2 
Given the dependence on water for human existence, limited global access to safe and affordable 
drinking water is particularly concerning.  
As of 2015, the World Health Organization (WHO) estimated that 663 million people 
lack access to an improved drinking water source, one that should provide adequate protection 
from fecal matter.3 Even more alarming, in a 2012 study, the WHO also estimated that at least 
1.8 billion people drink fecally-contaminated water.4 These contaminated water sources may also 
contain pathogenic bacteria, viruses, and protozoa, which are capable of transmitting infectious 
diseases including cholera, typhoid, hepatitis, polio, and other gastrointestinal illnesses.5  
In addition to pathogens, chemical contaminants also pose a threat to human health. Most 
chemicals only cause adverse health effects after prolonged periods of exposure, but some, such 
as fluoride and arsenic, can have immediate and serious health effects including skeletal fluorosis 
and cancer.5 In fact, the Swiss Federal Institute of Aquatic Science and Technology (EAWAG) 
has determined that over 300 million people drink groundwater that contains excessive and 
harmful amounts of arsenic or fluoride.6 
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To exacerbate the issues of water availability and quality, the global demand for drinking 
water is projected to increase by 55 percent by 2050 due to population growth, urbanization, 
economic development, and climate change.1,7 This trend has resulted in efforts to manage 
available water resources in a more sustainable and efficient manner and consider alternative 
sources, including wastewater. However, water reuse practices correspond to new challenges that 
must be overcome to provide a reliable and safe supply of drinking water polluted by many 
unconventional contaminants (e.g. pharmaceuticals, personal care products, endocrine 
disruptors).8 
Altogether, these factors have inspired research and development of novel water 
treatment approaches to address the global water challenges. Pressure-driven membrane 
technologies are particularly attractive because they provide a physical barrier for removing 
biological and chemical contaminants.9 In addition to superior water quality, membrane 
technologies are less sensitive to variations in influent water quality and more energy efficient 
than thermal processes.10,11 Despite technical advances, widespread adoption of these 
technologies has been limited because essentially all state-of-the-art nanofiltration (NF) and 
reverse osmosis (RO) can only provide a narrow range of selectivity, which is constrained by a 
permeability-selectivity tradeoff, and are susceptible to many of the same operational 
problems.10-13 While these limitations originate from the similarities in the physicochemical 
properties, they can be overcome using new materials and design approaches that allow for 
molecular-level design. Novel materials and approaches have the potential to offer greater 
control over the selective layer properties and could provide superior performance, mechanical 




The overall objective of this work was to investigate an alternative membrane material 
that is chemically, thermally, and mechanically robust, so as to overcome the common 
challenges encountered with commercial thin-film composite membranes. In addition to 
chemical, thermal, and mechanical stability, the material must exhibit high water flux and solute 
rejection with the ultimate goal of achieving better performance compared to that of commercial 
nanofiltration (NF) or reverse osmosis (RO) membranes. More specifically, the potential to 
incorporate covalent organic frameworks (COFs), which are novel two-dimensional porous 
polymers, into the composite membrane structure was explored. 
In order to address this overall objective of investigating COFs as novel membrane 
materials, several sub-objectives were outlined as follows. The initial focus was to implement an 
interfacial polymerization reaction to form a two-dimensional COF thin film that could serve as a 
membrane active layer. A polyimine-linked COF with a pore size of approximately 3.4 nm was 
utilized as the active layer, and a polyethersulfone (PES) support was chosen for the support 
layer. The performance of these COF TFC membranes was evaluated using several organic 
solutes and an electrolyte for comparison with a commercially available NF membrane.  
Another research objective was motivated by the preliminary findings that indicated the 
need for smaller pores in the COF active layer. As opposed to the initial dialdehyde monomer, a 
trialdehyde monomer was employed in the interfacial polymerization reaction with the triamine 
monomer. The exchange of aldehyde monomers served two purposes: 1) to demonstrate the 




Finally, the initial experiments also proved that commercially available support materials, 
including PES, were incompatible with the organic solvents used for the COF IP process. This 
incompatibility resulted in unpredictable and detrimental effects to the water permeability but did 
not affect solute rejection. As an alternative, polyacrylonitrile (PAN) ultrafiltration membranes 
were investigated as a solvent-resistant support material.  
A number of material characterization techniques were used to characterize the physical 
and chemical properties during each stage of membrane development. These include Rutherford 
backscattering spectrometry (RBS), Fourier transform infrared spectroscopy (FTIR), atomic 
force microscopy (AFM), transmission electron microscopy (TEM), scanning electron 
microscopy (SEM), X-ray diffraction (XRD), solid state NMR, ion chromatography (IC), and 
fluorescence spectrometry. The results presented herein were used to connect the material 
properties with membrane performance to develop a first generation of COF TFC membranes. 
1.3 Thesis Organization 
This Ph.D. dissertation is composed of seven chapters as described in brief herein. 
Chapter 1 describes the global water challenge, which serves as motivation for this research. 
Chapter 2 provides a literature review of membrane technology and principles of separation, 
recent efforts to develop novel membrane materials, and COFs. Chapters 3-6 are organized as 
published or draft journal articles, each with its own introduction, materials and methods, results 
and discussion, implications, and references. Chapter 7 presents conclusions and 




1.4 Relevance and Potential  
This work includes the first successful demonstration of thin-film composite membranes 
with COF active layers. Although the initial membranes were not optimal in terms of water 
permeability and solute rejection, the modularity of COFs was exploited to explore the role of 
pore size in solute rejection. In addition, this work identified several challenges that must be 
overcome in order to reliably fabricate high-performing membranes. Addressing these challenges 
will require more in-depth studies to relate specific membrane attributes to performance 
capabilities. Nevertheless, this new class of COF membranes has the extraordinary potential to 
address many of the global water challenges through the molecular-level design, synthesis, and 
characterization. 
1.5 References  
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2.1 Pressure-Driven Membrane Processes 
There are four classes of pressure-driven membrane separation technologies: 
microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. Microfiltration membranes are 
the least selective and have pores that range in size from 0.1 to 10 µm. These relatively large 
pores allow water, ions, molecules, and macromolecules to pass through the membrane, but they 
can serve as a physical barrier to large colloids and bacteria.1 
Ultrafiltration (UF) membranes have smaller pores with sizes that range from 0.01 µm to 
0.1 µm and are capable of separating macromolecules. These membranes are usually defined by 
a molecular weight cut-off (MWCO), which is defined as the lowest molecular weight solute 
retained by the membrane at the level of 90 percent. UF membranes typically have an 
asymmetric structure formed using a phase inversion synthesis process. This technique involves 
dissolution of the polymer in a casting solvent to form a casting solution, which is then spread as 
a thin layer before immersion in a non-solvent bath. This immersion in the non-solvent induces 
rapid precipitation from the top surface down and results in a polymer-rich layer that is denser at 
the liquid/matrix interface and more porous underneath.1,2 
Nanofiltration (NF) and reverse osmosis (RO) membranes are the most selective 
pressure-driven membrane separation processes and exhibit selectivity towards small organic 
molecules and ionic species. State-of-the-art NF and RO membranes have a thin-film composite 
(TFC) structure consisting of a thin (50–250 nm)3,4 active layer prepared by interfacial 
polymerization (IP).5,6 The IP reaction utilizes diamine and trimesoyl chloride monomers to form 
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polyamide and is performed on top of a UF support. This chemistry was developed nearly four 
decades ago5,7 but continues to dominate the commercial NF/RO membrane sector.8  
2.2 Factors That Affect Membrane Performance 
Membrane performance is generally defined by its selectivity for water and solutes. 
However, the rejection of solutes is a complex process that is influenced by several phenomena: 
steric effects, charge interactions, and solute-membrane affinity. The role played by each of these 
factors is determined by a combination of solute properties (molecular size and/or weight, ionic 
or molecular charge, hydrophilicity/hydrophobicity) and the membrane physicochemical 
characteristics (pore size, porosity, surface charge, crystallinity, and wettability).9,10 Aside from 
solute and membrane properties, operating conditions including operating pressure and feed 
water composition, pH, and temperature also affect the membrane performance.1 
Molecular weight and shape along with membrane pore size are considered the most 
influential properties affecting whether or not the solute will experience steric hindrance.9,10 As 
the size of solute molecule increases or the membrane pore size decreases, the solute steric 
hindrance increases. While the rejection of some compounds can be predicted based on 
molecular weight,11-13 it does not necessarily apply to charged and hydrophobic molecules.14,15 
Of course, the membrane properties including pore size, pore geometry, and pore size 
distribution also play key roles in sieving effects. Still, it has been shown that a smaller pore size 
distribution does not necessarily guarantee lower solute rejection.16 
Other factors, aside from steric effects, affect membrane performance. In particular, 
electrostatic interactions, are based on the charge of the solute and membrane surface. A 
negatively charged ion will experience electrostatic repulsion by a negatively charged membrane 
and vice versa. According to the Donnan effect, the passage or rejection of an ion must be 
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coupled with the passage or rejection of a counter-ion in order to maintain electroneutrality.17,18 
Similarly, charged organic molecules will experience electrostatic attraction or repulsion 
depending on the charge of the membrane. Furthermore, the solute and membrane charges for 
weak acids and bases are affected by the pH of the solution.9,10 
Finally, solute rejection is affected by the solute-membrane affinity. This accounts for 
non-Coloumbic interactions including hydrophilic/hydrophobic interactions, van der Waals 
interactions, and polar interactions. The solute-membrane affinity affects how a solute can 
partition into the membrane polymer and is affected by key solute and material properties. These 
include the solute molecular structure, solute hydrophobicity, membrane surface structure, and 
membrane wettability. Solutes with high affinity for the membrane material partition into the 
polymer matrix more easily and vice versa. 9,10 
2.3 Transport Model 
While, the mechanisms that drive membrane rejection are quite complex, several models 
have been developed in order to describe water and solute transport across the membrane. As 
previously stated, membranes act as a semi-permeable barrier to solutes while allowing water to 
pass through. In effect, pressure is applied as a driving force to push water against the 
concentration gradient from the concentrated feed water side of the membrane to the dilute 
product water side. The water flux (Jv), or the membrane flow rate per unit surface area, is 
dependent on the pressure and concentration gradients according to the following equation: 
Jv = A(Δp-Δπ) ≈ A(pf-πw)  Equation 2.1 
where pf (MPa) is the feed hydraulic pressure, πw (MPa) is the feed osmotic pressure adjacent to 
the membrane wall, and A (m/(d×MPa)) is a constant known as the water permeability 





    Equation 2.2 
where Dw is the molecular diffusion coefficient for water in the active layer, Kw is the water 
partition coefficient in the active layer, Vw is the molar volume of water, d is the active layer 
thickness, R is the ideal gas constant, and T is the absolute temperature.1 
Solute transport is commonly described using one of two models: the pore flow model or 
the solution diffusion model. The pore flow model assumes that convective flow occurs through 
the membrane pores. In this model, size exclusion principles and electrostatic effects define the 
rejection capabilities of the membrane. Therefore, for complete solute rejection, the entire pore 
size distribution must be smaller than the solute of interest.1 
The solution diffusion model, originally developed for RO in the 1960s,19 is based on 
thermodynamic equilibrium and considers the membrane matrix to be homogenous and 
essentially non-porous.20,21 Solutes are transported through the membrane by first partitioning at 
the membrane surface, diffusing down a concentration gradient, and desorbing at the opposite 
end of the membrane/water interface.1 Solute permeation is described by the following steady-
state equation: 
Js = BΔc = B(cw-cp)   Equation 2.3 
where cw and cp, are the solute concentrations adjacent to the membrane surface and in the 
permeate solution, respectively, and B (m/d) is the solute diffusive permeation coefficient. The 
solute permeation coefficient is related to the diffusivity and solubility properties, which are both 
intrinsic properties, of the solute within the active layer and the membrane active layer thickness 
d according to the following equation:   
B = DsKs
δ
     Equation 2.4 
where Ds and Ks are the solute diffusion and partition coefficients, respectively.21  
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Based on Equation 2.4, the solute permeation coefficient is further defined by the solute 




     Equation 2.5 
where D is the self-diffusion coefficient of an ion, l is the ion’s conductivity, |Z| is the absolute 
charge of the ion, R is the ideal gas constant, T is the absolute temperature, and F is Faraday’s 
constant. 
In general, cations and anions have different mobilities, which result in different diffusion 
coefficients. However, when there is a concentration gradient of ions in a single electrolyte 
solution, the diffusion the cation must be coupled with the co-diffusion of the anion to maintain 
electroneutrality in the system. If the concentration gradient for the cation and anion have the 
same magnitude, the molecular diffusion coefficient for the salt can be expressed at infinite 
dilution as 
D12=
Z1 + Z2 D1D2
Z1 D1+ Z2 D2
   Equation 2.6 
where D12 is the salt diffusion coefficient, D1 and D2 are the self-diffusion coefficients of the 
respective ions, and |Z1| and |Z2| are the absolute charges of the respective ions.22 
For non-electrolytes including small compounds, several empirical correlations have been 
developed to estimate diffusivity in water. One common example is the Wilke-Change 





0.6    Equation 2.7 
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where Dcw is the diffusivity of a compound in water, µw is the dynamic viscosity of water, T is 
the absolute temperature, Mw is molecular weight of water, Vcb is the molar volume of the 
compound in water, and Φw is the association parameter for water.23 
In addition to diffusivity, Equation 2.4 indicates that the equilibrium partitioning of the 
solute between the bulk liquid and polymer matrix affects the solute transport. The partitioning is 
governed by a combination of steric and electrostatic interactions. Assuming thermodynamic 




    Equation 2.8 
where gm and gw are the solute activity coefficients in the membrane active layer and water, 
respectively and cm and cw are the concentrations of the solute in the membrane and water 
phases, respectively. For ionic species, Equation 2.8 is multiplied by an additional term that 
accounts for steric effects and the Donnan potential.24    
According to Equations 2.1 and 2.3, the net pressure difference (hydraulic pressure minus 
osmotic pressure) across the membrane drives the permeation of water while the concentration 
gradient is the driving force for solute permeation. However, the rejection of most solutes cannot 
be fully described by the solution diffusion model in this ideal form. Most membranes contain 
imperfections that provide conduits for convective salt transport. This may be accounted for by 
using the following expression:25,26 
Js = Jvcp = BΔc = B(cw-cp) + αJvcw  Equation 2.9 
where α is the fraction of the total water flux that corresponds to advection through membrane 
active layer imperfections.  
As a result of the applied pressure, solutes tend to accumulate near the membrane wall, a 
phenomenon referred to as concentration polarization. At steady state, the concentration 
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polarization is limited to an interfacial region adjacent to the membrane surface. Performing a 
mass balance in this film results in the following expression that relates the solute concentrations 





k    Equation 2.10 
where k (m/d) is the mass transfer coefficient of the solute in the concentration polarization film. 
Finally, Equations 2.9 and 2.10 may be combined to obtain the following expression for solute 
rejection:26 








  Equation 2.11 
The previous equations indicate that the water and solute permeability coefficients, A and 
B, essentially define the active layer selectivity. An ideal membrane would be highly permeable 
to water and highly selective, or have low solute permeability. In reality a tradeoff, originally 
described for gas separation membranes,28,29 exists between the water permeability and solute 
selectivity.30 Recent efforts to optimize the interfacial polymerization conditions have resulted in 
membranes that exceed the proposed performance tradeoff.8 However, the similar chemistry of 
polyamide active layers used for most commercial NF and RO membranes fundamentally limits 
the range of selectivity with respect to water and solute permeation.  
In addition to limiting the selectivity, the physical, chemical, and morphological 
properties of the polyamide active layer make them susceptible to operational problems 
including membrane compaction, fouling, and degradation by chemicals used to control/reverse 
fouling.1,5,8,31 Chemical degradation by disinfectants applied to control biofouling is particularly 
concerning because structural changes to the polyamide correspond to deterioration of the 
membrane performance.32-43  
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2.4 Novel Membrane Materials 
As a result of these shortcomings, recent efforts have focused on the development and 
implementation of innovative membrane materials with the ultimate goal of increasing 
membrane efficiency by increasing water flux, contaminant rejection, fouling resistance, and 
chemical robustness. In particular, approaches that incorporate molecular-level design of the 
active layer have proven to be a versatile strategy. A thin selective layer with precisely controlled 
pores and chemical functionality is ideal for achieving high permeability and selectivity.8,44-46 
For example, carbon nanotubes (CNT) membranes show potential due to extremely fast 
water transport predicted by molecular simulations.47 As an alternative, vertically-aligned 
nanochannel membranes can be designed using macrocycles, the interior of which could be 
modified to add functionality and control selectivity.48-50 Active layers fabricated with self-
assembled materials like block copolymers have narrow pore size distributions due to the 
equilibrium that drives self-assembly. They can be tuned by modifying the polymer blocks and 
concentrations51,52 and could also be utilized to control biofouling.53,54  
Aside from nanochannel membranes and block co-polymers, two-dimensional (2D) 
materials have gained popularity in recent years and offer new opportunities for exceptional 
membrane materials. The combination of atomic thickness, nanometer-size pores, mechanical 
strength, and chemical robustness should provide the ideal combination of high selectivity and 
water permeability.45,55 In particular, graphene-based framework membranes have shown 
promise due to their smooth surfaces and ultrahigh water transport.56,57 Graphene-based 
membranes have inspired the synthesis and implementation of other two-dimensional materials 
including, but not limited to, graphene oxide (GO),58 MXenes,59 and transition-metal 
dichalcogenides (TMDCs) such as molybdenum disulfide.60  
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2.5 Covalent Organic Frameworks 
Despite these nascent efforts to develop and implement novel membrane materials, most 
of these materials fail to offer both molecular level design and the ultrathin, yet robust, nature of 
2D materials. As an alternative, 2D covalent organic frameworks (COFs) are an emerging class 
of materials that have tunable physical and chemical properties. This material has shown promise 
for desalination applications based on molecular simulations that demonstrated higher water 
permeability and salt rejection in comparison to polyamide membranes.61 However, experimental 
evidence is still limited for applications in NF/RO separations. COFs are porous organic 
materials, which are assembled by joining shape-persistent organic building units together with 
strong covalent bonding. The reticular synthesis process utilizes reactants that are 
conformationally rigid, and this allows for the construction of pre-determined and ordered 
frameworks. 
Aside from the highly-controlled formation of polymer networks, another defining 
feature of COFs is their highly crystalline nature, which is attributed to the thermodynamic 
equilibrium that is achieved during the synthesis process. In order to realize a high degree of 
crystallinity, the formation of linkages should be reversible, and the reaction rates must be on a 
time scale that allows for self-correction of defects. This thermodynamic stability is notably 
different from conventional covalently linked polymers, which tend to form irreversibly leading 
to amorphous structures.  
The first COFs, developed in 2005, were synthesized using self-condensation or co-
condensation of boronic acids with alcohols to produce boronate anhydrides or esters, 
respectively. This reaction produced planar, two-dimensional sheets that stack in specific 
conformations depending on the properties of the building blocks and resultant π-π interactions 
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between layers.62 While the boron-based chemistry is the most popular for covalent organic 
frameworks, there is a major limitation for application of the boronate COFs. They are highly 
susceptible to degradation by water molecules and can lose their structural integrity after just 20 
minutes of water exposure.63  
The library of reactions that satisfies the criteria for COF formation is still very limited 
due to the rigorous requirements for precursors, dynamic bond formation, and harsh 
solvothermal synthesis conditions. However, the use of imine chemistry has become a popular 
approach owing to its versatility. Imine COFs have been synthesized using a broad range of 
monomers, including those with different sizes, geometries, functionalities, and number of 
reactive end groups.64 In addition, imine-based COFs are stable in most solvents and relatively 
stable in water.64,65  
These unique properties of COFs, in particular imine COFs, make them good candidates 
for a number of applications including gas storage and adsorption, photoelectricity, catalysis,65,66 
and, most recently, separation processes. Wang et al.67 incorporated a pre-formed (via 
solvothermal synthesis) COF powder into a mixed-matrix PA TFC membrane to increase water 
permeability. Similarly, an early attempt to incorporate COFs as a membrane material involved 
deposition of a pre-formed polyimide COF onto a commercially available polyethersulfone 
(PES) UF membrane. In short, this PES-COF hybrid membrane did not result in an increase in 
solute rejection and indicated that other fabrication strategies were required. A detailed 
description of the synthesis and characterization of the polyimide COF as well as membrane 
performance can be found in Appendix A. 
Alternatively, Kandambeth et al.68 investigated an imine-linked COF constructed from 
diamine and substituted trialdehyde monomers as a free-standing membrane material. These 
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membranes were cast as a thick layer of precursors on a glass plate and heated for 72 hours. The 
main drawback of this approach is that the resulting membranes were ~200–700 µm thick, lacked 
an asymmetric structure, and had low rejection capabilities for small organic molecules. All of 
the aforementioned efforts, mixed-matrix PA-COF, hybrid PES-COF, and thick uniform COF 
membranes, depend on solvothermal synthesis, which limits their applicability as membrane 
materials. 
Noting the limitations of solvothermal synthesis methods, studies recently reported in the 
literature have demonstrated that these insoluble imine-linked powders can be processed into thin 
sheets and deposited on a variety of different substrates. For example, the bulk material can be 
exfoliated to form thin sheets using sonication69-71 or mechanical grinding.72 Thin sheets have 
also been formed directly on a substrate using a solid-vapor interfacial process.73 Finally, certain 
reaction conditions have afforded imine-linked COFs after relatively short reaction times and/or 
at room temperature.74-76 
Recently, the Dichtel group achieved a major breakthrough by preparing the first 2D, 
crystalline, free-standing COF films via an interfacial polymerization process. Interfacial 
polymerization is a technique that allows a thin layer of polymer to form at the interface between 
two immiscible phases. In this case, both reactant monomers are dissolved in an organic solvent. 
The second liquid, water, contains a Lewis acid, Sc(OTf)3, which is a highly active catalyst for 
imine-linked COF formation.74 In contrast to typical solvothermal conditions, which employ 
acetic acid as a catalyst and require elevated temperatures (70-120ºC) and long reaction times 
(72 hours),77,78 the Sc(OTf)3-catalyzed polymerization occurs relatively quickly (<30 min) at 
room temperature with low catalyst loading (<0.02 equivalent).79 
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This interfacial polymerization approach provides continuous COF films at the organic-
aqueous interface, and the lateral dimensions are determined by the size of the polymerization 
vessel. Furthermore, the thickness can be controlled by the initial monomer concentration, 
ranging from 2.5 nm with low monomer concentrations to 10 µm with high monomer 
concentrations. In addition to the large-area films with precise thickness control, these films can 
be easily transferred to a substrate including a PES UF memrbane.79 This dissertation details the 
adaptation of this interfacial polymerization reaction to form the first TFC NF membranes 
containing imine-linked COF active layers.  
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DEVELOPMENT AND PERFORMANCE CHARACTERIZATION OF A 
POLYIMINE COVALENT ORGANIC FRAMEWORK THIN-FILM 
COMPOSITE NANOFILTRATION MEMBRANE 
3.1 Introduction 
The global demand for water is projected to increase by 55 percent over the next 30 years 
as a result of population growth, urbanization, economic development, and climate change.1 
Inadequate sanitation in the developing world combined with an increasing demand to reuse 
wastewater in developed countries has resulted in an expanding set of contaminants that 
negatively impact water resources and public health. Both the need to provide safe drinking 
water from complex sources polluted by multiple contaminants and environmental concerns 
about conventional treatment methods have motivated the development of novel membrane 
technologies in recent decades.2-5 Nanofiltration (NF) and reverse osmosis (RO) are membrane 
processes commonly used for drinking water treatment because they offer an effective single-
step barrier that removes both pathogens and most organic and inorganic contaminants.  
For several decades, thin-film composite (TFC) membranes with polyamide (PA) active 
layers 50-250 nm thick have dominated the pressure-driven membrane technology sector.6-8 
These PA active layers are fabricated with interfacial polymerization (IP) reaction methods, 
which are advantageous because of their scalability for commercial production and capacity to 
produce thin (<250 nm) separating active layers with relatively high product water 
permeability.6,8 However, the similarities in the PA chemistry of most NF/RO membrane active 
layers result in a relatively limited range of water permeability and selectivity for target 
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contaminants and background solutes. In addition, the physical, chemical, and morphological 
properties of the PA active layers make them susceptible to membrane compaction, fouling, and 
chemical degradation by oxidizing agents used to control fouling.2-4,7,9 
Given the shortcomings and limitations of current state-of-the-art NF/RO membranes, 
recent efforts have focused on the development of more efficient active layer materials with 
enhanced water permeability, more desirable contaminant selectivity, and better fouling 
resistance for treating water from sources with diverse qualities.2,4,7 Two-dimensional covalent 
organic frameworks (COFs) are excellent candidates for the formation of novel separating layers 
because they are crystalline, permanently porous, layered macromolecules with structures, 
chemical compositions, and porosities determined through the rational design of their 
monomers.10-12 In contrast to the empirically optimized PA active layers present in current state-
of-the-art NF/RO membranes, which cannot be designed at the molecular level, COF films can 
provide separating layers with uniform porosity, tailored pore size and shape, and tunable 
chemical functionality.4 This potential for COF membranes is supported by molecular 
simulations that employed COFs as ultrathin films for desalination applications and 
demonstrated higher water permeability and salt rejection in comparison to PA membranes.13 
COFs based on boronate ester and anhydride,14 imine,15 hydrazone,16 triazine,17 
phenazine,18 enamine,19 and imide20 linkages, among others, have been reported. However, they 
have been produced as insoluble, microcrystalline powders via solvothermal reactions. Wang et 
al.21 incorporated one of these pre-formed COF powders in a mixed-matrix PA TFC membrane 
to increase water permeability. Alternatively, Kandambeth et al.22 created COF membranes by 
casting a thick layer of the precursors on a glass plate and heating it for 72 h. The main drawback 
of this approach is that the resulting membranes were ~200–700 µm thick, lacked an asymmetric 
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structure, and had low rejection capabilities for small organic molecules. Both the mixed-matrix 
TFC and thick uniform COF membranes depend on solvothermal synthesis, which clearly limits 
their applicability as membrane materials. Recently, Matsumoto et al.23 developed an IP reaction 
to form imine-linked COF films with precise thickness control down to 2.5 nm. In the present 
study, we adapted this IP reaction to construct the first NF membranes with thin COF active 
layers. 
3.2 Materials and Methods 
3.2.1 Reagents 
The COF monomer terephthalaldehyde (PDA, 99%) and solvents 1,4-dioxane (99%) and 
mesitylene (98%) were purchased from Sigma Aldrich (St. Louis, MO). A catalyst, 
scandium(III) trifluoromethanesulfonate (Sc(OTf)3, 98%), and the COF monomer 1,3,5-tris(4-
aminophenyl)benzene (TAPB, 93%) were purchased from TCI America (Portland, OR). 
Permeation experiments were performed using Rhodamine-WT (R-WT; 20% w/w; Turner 
Designs, San Jose, CA) as a surrogate for organic contaminants and sodium chloride (NaCl; 
99%; EMD Millipore, Darmstadt, Germany) as a background electrolyte. Aqueous solutions 
were prepared using Milli-Q water (18.2 MΩ-cm resistivity).  
3.2.2 Active Layer Formation 
COF active layers were formed via IP near the surface of an asymmetric polyethersulfone 
(PES) ultrafiltration membrane (model HFK-328; Koch Membrane Systems, Wilmington, MA) 
with a molecular weight cutoff of 5000 Da. The PES support was placed in a membrane holder 
and secured using a silicon O-ring; both the holder and the O-ring match those used in the 
permeation cell described below. A 1.35 mm thick aqueous film of the catalyst was formed via 
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the addition of 0.5 mL of 5 mM Sc(OTf)3 over a 3.7 cm2 area of the PES support encased by the 
O-ring to cover the PES surface completely.  
Next, 0.5 mL of a second solution containing 1.56 mM TAPB monomer and 2.34 mM 
PDA monomer in a solvent mixture of 4:1 1,4-dioxane/mesitylene (v/v) was carefully pipetted 
on top of the aqueous solution as shown in Figure B.1. A glass cylinder with the approximate 
diameter of the O-ring was placed on top of the O-ring and held in place with a clamp. The open 
end of the cylinder was covered with a glass plate to minimize solvent evaporation (glass 
cylinder and plate not shown in Figure B.1). A film was allowed to form at the interface of the 
two solutions for 30 min. The aqueous solution and organic solvent mixture were then suctioned 
through the porous PES with a syringe and needle inserted into the permeate port of the 
membrane holder. As a result, the polyimine COF film contacted the PES support. The resulting 
membrane was rinsed with methanol to remove any residual monomers, catalyst, and organic 
solvents. Finally, each membrane was rinsed with water under pressure (0.2 MPa) for 30 min and 
then used for permeation tests or air-dried for physicochemical characterization. 
3.2.3 Physicochemical Characterization 
Rutherford backscattering spectrometry (RBS) analyses were performed with a 2 MeV 
He+ beam generated by a Van de Graaff accelerator (HVE, Burlington, MA). The incident, exit, 
and scattering angles were 22.5°, 52.5°, and 150°, respectively. Commercial simulation software 
(SIMNRA; Max-Planck-Institut fur Plasmaphysik, Garching, Germany) was used for spectra 
fitting and analyses. 
Scanning electron microscopy (SEM) was performed with a FEI Quanta 450 FEG 
microscope (FEI, Hillsboro, OR) to obtain high-resolution images of the membrane cross-
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sections. Before analysis, the membranes were adhered to an aluminum puck using carbon 
conductive tape and sputter-coated with Au/Pd. 
Transmission electron microscopy (TEM) was performed with a Philips CM200 (FEI, 
Hillsboro, OR) at 120 kV. The membranes were cut into thin slices using a razor blade and 
embedded in an epoxy resin. After curing overnight, the epoxy blocks were sectioned using an 
Ultracut UCT ultramicrotome (Leica Microsystems, Buffalo Grove, IL), and the sections were 
collected on grids for imaging.  
Fourier transform infrared (FTIR) spectra were collected using a Frontier spectrometer 
(Perkin Elmer, Waltham, MA) equipped with a mid-infrared source, KBr beam splitter, and 
LiTaO3 detector. Each spectrum, an average of 50 scans per sample, was collected at a spectral 
resolution of 2 cm–1. A background scan was collected before the analysis and used for baseline 
correction. 
Wide-angle X-ray scattering (WAXS) measurements were performed using a 
WAXS/small-angle X-ray scattering Forvis system (Forvis Technologies Inc., Santa Barbara, 
CA) with Cu K-α X-ray radiation (wavelength: 0.15418 nm) and an aerial detector (Pilatus 
300K; DECTRIS Ltd., Baden, Switzerland). The sample-to-detector distance was calibrated 
using a silver behenate standard before each set of measurements. The X-ray transmission 
patterns were processed using Fit2D (European Synchrotron Radiation Facility, Grenoble, 
France).  
3.2.4 Performance Characterization  
Permeation tests were conducted using a dead-end stirred cell (Amicon 8010 series, EMD 
Millipore, Billerica, MA) at room temperature. Feed solutions (2.5 mg/L R-WT or 400 mg/L 
NaCl) were adjusted to pH 6.75 ± 0.05 before each experiment. Permeate flow rates were 
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measured gravimetrically using a balance, and the data were recorded using data acquisition 
software. Experiments were performed at several hydraulic pressures over the range of 0.01 - 0.5 
MPa.  
R-WT concentrations were measured with fluorescence using a spectrofluorometer (RF-
5301PC; Shimadzu Scientific Instruments Inc., Columbia, MD) with the excitation and emission 
wavelengths set at 550 and 580 nm, respectively. NaCl concentrations were measured as Cl– with 
ion chromatography (ICS-2100; Dionex, Sunnyvale, CA). Analyses were performed with 4 mm 
IonPac AS18 analytical and AG18 guard columns, 23 mM KOH eluent, 57 mA suppressor 
current, a flow rate of 1 mL/min, and a 25 µL sample loop and injection volume. 
3.3 Results and Discussion 
3.3.1 COF Thin-Film Formation via IP 
The IP reaction used to form the TAPB-PDA COF on a PES support is illustrated in 
Figure B.1. This reaction required several modifications in comparison to the conventional IP 
process used for PA active layer fabrication.4,7 For the COF IP, the organic phase contained both 
monomers, whereas the aqueous solution contained the catalyst that facilitates the reaction at the 
interface between the two phases. However, PES membranes are formed though a phase-
inversion process in which the polymer is dissolved in a casting solution and then precipitated in 
a non-solvent bath. Because of its high solubility in a variety of organic solvents, the polymer 
can re-dissolve upon contact with many solvents,24 including those used in this study. Direct 
exposure to the solvent mixture used for the COF IP reaction resulted in the complete dissolution 
of PES supports within minutes. To minimize this detrimental effect, the aqueous layer 
containing the catalyst acted as a protective barrier for the PES, as shown in Figure B.1. 
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Given the potential for the solvent to induce changes to the PES support, control 
experiments were performed to elucidate any effects of PES exposure to the organic solvents. 
These control experiments exposed the PES support to water and the organic solvents under the 
conditions used for COF film formation but in the absence of PDA, TAPB, and Sc(OTf)3. 
Without the reactants or catalyst, the control experiments did not result in COF thin film 
formation. However, even without direct solvent contact, the PES layer underwent the 
morphological changes shown in Figures 3.1 and B.2. Exposure to the 4:1 dioxane/mesitylene 
solvent mixture used in the IP, with or without added TAPB and PDA monomers, resulted in a 
thicker, densified interfacial region within the PES. Although the aqueous film prevented contact 
between the PES support and water-immiscible mesitylene, it only slowed the attack by the 
predominant solvent in the organic phase, dioxane, which is miscible with water.  
 
Figure 3.1. SEM images for cross sections of (a) pristine PES membrane, (b) PES+polyimine 
COF membrane, (c) and control PES membrane at a magnification of 10,000×. Control PES 
membrane was exposed to organic solvents and water under the conditions used for COF film 
formation but in the absence of PDA, TAPB, and Sc(OTf)3.  
TEM was used to further visually confirm film formation via the IP reaction. A TEM grid 
was placed at the bottom of the reactor so that the thin film was transferred directly onto the grid 
for analysis without rinsing to remove unreacted monomers or residual solvent. As shown in 
Figure B.3a, films that spanned the entire grid window (~70 × 70 µm) were observed. The 
transparency indicated an extremely thin film, and visually, the film appeared intact.  
densified region densified region 
a) b) c) 
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3.3.2 Physicochemical Characterization 
RBS analyses were performed on pristine PES and PES+polyimine COF membranes. As 
shown in Figure 3.2, both spectra exhibited similar oxygen and sulfur plateaus despite the dense 
interfacial region indicated in the SEM images in Figure 3.1. A transformation to the elemental 
composition of the PES in this region would have resulted in changes in the plateau fronts 
(corresponding to the regions near the support surface) at ~0.75 MeV (oxygen) and ~1.24 MeV 
(sulfur). The absence of such changes confirmed that the solvent induced morphological changes 






Figure 3.2. Full spectra RBS characterization of pristine PES (red triangles) and PES + 
polyimine COF (blue circles) membranes. C, N, O, and S denote carbon, nitrogen, oxygen, and 
sulfur, respectively. The shift in oxygen (c) and sulfur (d) indicate a film thickness of 10.4 ± 2.6 
nm. Open points represent raw data points, and solid lines indicate simulations obtained using 
SIMNRA. The nitrogen peak (b) at ~0.66 MeV resulted from modeling the RBS spectra of the 
PES+polyimine COF membrane, but it was not resolved from the background variability of the 
RBS data. 
 The RBS analyses also revealed the presence of a nitrogen peak in addition to recessed 
sulfur and oxygen plateaus in the PES+polyimine COF membrane. These shifts to lower energy 
indicated losses in ion beam energy as the beam traversed into and out of the polyimine COF 
film before and after colliding with sulfur and oxygen atoms, which are only present in the PES 
support.25 The observed energy shifts corresponded to a COF film thickness of 10.4 ± 2.6 nm. 
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Analyses of three additional PES+polyimine COF membrane samples confirmed that this 
thickness was highly reproducible. Although this measured thickness was notably thinner than 
that typically reported for PA membranes,6 it agreed relatively well with the polyimine COF 
thickness reported by Matsumoto et al.,21 in which the COF thin film was formed under similar 
reaction conditions in a vial and subsequently transferred to a silicon substrate for AFM 
measurements.23  
Because RBS has a lower sensitivity for lighter elements (e.g., carbon and nitrogen, 
which compose the polyimine film), it was not possible to use the RBS spectrum shown in 
Figure 3.2 to ascertain the precise elemental composition of the COF active layer. Owing to this 
low sensitivity and the thinness of a single COF active layer, COF membranes with multiple 
COF layers were prepared by performing the IP reaction several times in succession. These 
reactions are denoted as 1, 3, and 6 layers in Figure B.4. Increasing the number of layers resulted 
in more pronounced offsets in the sulfur and oxygen plateaus. Most important, distinct peaks for 
both carbon and nitrogen emerged for the membranes with 3 and 6 layers. The active layer 
composition, C0.57H0.38N0.05, corresponding to the polyimine COF matched well with the 
experimental data (unfilled points) in Figures 3.2 and B.4. Finally, it is notable that a scandium 
peak, which would appear at 1.43 MeV, was not observed in all COF membrane spectra. Due to 
its relatively high atomic weight of 44.96 g/mol, RBS would be more sensitive to scandium, and 
the absence of a peak indicates that the final rinsing step in the membrane synthesis effectively 
removed the catalyst to levels below detection in the COF layer and the top ~2 µm of the PES 
support. 
Cross-sectional TEM images of pristine PES and COF membranes prepared by 
performing the IP reaction 1, 3, and 6 times are shown in Figure B.3 and revealed several notable 
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features. Compared with those of the pristine PES, images of the COF membranes showed a 
distinct region of increased thickness as the number of formed layers increased from 1 to 6. This 
observation supports the hypothesis that the distinct region at the surface is the COF active layer. 
The COF films appeared to be exceptionally smooth and contoured the underlying PES support. 
The thicknesses observed by TEM were greater than those determined with RBS analyses; 
however, compared with RBS, TEM has been shown to overestimate active layer thickness by up 
to 7 times.26  
FTIR spectra for both the TAPB and PDA monomers, PES support, powdered polyimine 
COF synthesized via solvothermal synthesis,27 and polyimine COF membrane are shown in 
Figure B.5. In contrast to the TAPB spectrum, the COF membrane spectrum showed no peaks in 
the primary amine region of the spectrum (3300–3500 cm–1). Similarly, a band at 1685 cm–1, 
assigned to aldehyde functional groups, was present in the PDA spectrum but absent in the COF 
membrane spectrum. Together, these observations confirmed the COF formation reaction and 
indicated that no detectable monomers were present in the membrane.  
In addition to the RBS analyses, FTIR characterization was performed for COF 
membranes with multiple COF layers. The spectra, shown in Figure B.6, revealed an 
intensification of the peaks at 1698, 1622, 1518, and 970 cm–1 as the number of COF layers 
increased. The absorbance bands at 1622 cm–1 (corresponding to the imine C=N stretch), 1698 
cm–1, and 970 cm–1 have been reported for imine-linked COFs.28,29 The peak at 1518 cm–1 was 
attributed to a C=C stretch in the aromatic rings.  
Previously reported X-ray diffraction (XRD) analyses have confirmed that this 
combination of monomers produces two-dimensional sheets of hexagonal-shaped pores 3.4 nm 
in size.27,28 However, our WAXS analyses on the COF membrane were inconclusive owing to 
36 
 
the low thickness of the active layer.30 According to Matsumoto et al.,23 it was not possible to 
confirm the crystallinity of the COF thin films; XRD peaks were observed only for thick films 
(~100 µm). In an attempt to elucidate the diffraction peaks, we prepared thicker active layers by 
forming multiple COF layers on the PES support. Despite this effort, XRD analyses of samples 
with 1, 3, and 6 layers of COF yielded patterns nearly identical to those of the pristine PES, as 
shown in Figure B.7. 
3.3.3 Solute Permeation  
Compared with the PES support layer alone, COF active layers supported by the PES 
substrate provided lower water permeability and enhanced R-WT rejection, as shown in Figures 
3.3a and B.8. The three replicates demonstrated the capability of the IP reaction to produce 
active layers with consistent and repeatable solute selectivity even though the water permeability 
varied. The water permeation data for each set and R-WT rejection data for all three pristine PES 
membranes were combined and fit with a modified solution diffusion model that accounts for 
advective transport through active layer imperfections.31 The R-WT rejection data for the three 
COF membrane replicates was combined and fit with a two-film solution diffusion model in 
order to determine the intrinsic transport parameters for the COF active layer as opposed to the 
composite PES-COF membrane. Detailed descriptions of the models and analysis procedure are 




Figure 3.3. Rejection of (a) R-WT and (b) NaCl by pristine PES, PES + polyimine COF, control 
PES, and commercial NF-270 membranes. Control PES membrane was exposed to organic 
solvents and water under the conditions used for COF film formation but in the absence of PDA, 
TAPB, and Sc(OTf)3.  
Table 3.1 shows the resulting permeation parameters: water permeation coefficient A 
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flux passing through membrane imperfections. The mass transfer coefficient used to represent 
concentration polarization of R-WT (kR-WT = 0.90 m/d) was calculated using the R-WT rejection 
data obtained for experiments performed with a Dow NF-270 semi-aromatic PA membrane. This 
also allowed for comparison with the performance of a state-of-the-art PA NF membrane. The 
water permeability and R-WT rejection data for this commercial NF membrane are also included 
in Figures B.8 and 3.3a, and the corresponding permeation coefficients are listed in Table 3.1.  
Table 3.1. Water and solute transport parameters obtained by fitting the experimental data in 
Figures 3.3, B.8, and B.9 to Equations B.1, B.2, B.4, and B.5. Parameters B and α listed for the 
COF membrane rejection of R-WT are intrinsic transport parameters for the COF active layer. 
 R-WT NaCl 
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In addition to enhanced rejection of an organic solute, the COF membranes provided 
measurable, though low, rejection of NaCl in contrast to the lack of rejection by the PES support, 
as shown in Figure 3.3b. Each solute rejection data set and the corresponding water permeability 
data shown in Figure B.9 were fit using the procedure described in Appendix B. The resulting 
water and solute permeation coefficients, A and B, and α parameters are listed in Table 3.1. The 
mass transfer coefficient for NaCl (kNaCl = 2.6 m/d) in the concentration polarization layer was 
calculated from the experimentally determined value for R-WT as described in Appendix B.   
Table 3.1 shows that both α, which corresponds largely to membrane imperfections, and 
B, the solute diffusive permeation coefficient, for the solutes R-WT and NaCl for the COF 
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membranes were lower than those for the PES support alone. Despite the consistent R-WT 
rejection capability of the COF active layers, the A parameters listed in Table 1 and 
corresponding to the data in Figures B.8 and B.9 illustrate the various losses in water 
permeability observed after the IP process. This result was attributed to the incompatibility 
between the PES support and the organic solvents used for the COF IP process as described 
earlier. More importantly, although the PES support damage resulted in a loss of water 
permeability, the rejection of R-WT and NaCl by the solvent-damaged PES layer did not 
increase, as shown for the control PES samples in Figure 3.3. 
The effect of COF active layer thickness on rejection was also assessed using a 
membrane for which the IP reaction was performed twice sequentially, and the resulting two 
layers were considered to form a single film on the PES support. These layers were analyzed 
with the two-film model for solute permeation. Given that the solute permeation coefficient B is 
inversely proportional to thickness, a thicker active layer is expected to provide a greater barrier 
to diffusive solute transport, which corresponds to higher rejection in the low pressure/flux 
regime. The ratio of thicknesses (1 layer = 10.4 nm, 2 layers = 16.9 nm) was used to calculate 
BCOF2 = 0.007 m/d, assuming that αCOF2 remains 0.051. These parameters were used to predict 
the rejection behavior for the COF membrane prepared by performing the IP reaction twice. As 
shown in Figure B.10, the predicted simulation obtained using Equation B.6 agreed relatively 
well with the experimental data within the range of variability observed. The model and 
experimental data also confirmed that the rejection properties of the active layer did not change 
significantly when the membrane thickness increased by ~62%.  
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Finally, as shown in Figure B.8, the decrease in water permeability for this membrane 
was greater due to the damage incurred to the PES support as a result of prolonged exposure to 
degrading solvents. Owing to this severe damage, we could not test thicker COF active layers.  
3.4 Implications 
We successfully prepared a TFC membrane with a polyimine COF active layer. Although 
its performance was not optimal in terms of water permeability and solute rejection, the 
membrane represents a new generation of NF membranes with active layers that are controllable 
at the molecular level. The focus of this study was to use a two-dimensional COF (pore size ~3.4 
nm) synthesized with triamine and dialdehyde monomers, but the pore size can be modulated by 
varying the combination of monomers.23 Post-synthetic modifications offer additional 
opportunities for external surface and inner-pore functionalization and the tuning of chemical 
properties. For example, Waller et al.29 recently described the conversion of the imine linkages 
into amide linkages using an oxidative process in a TAPB-PDA COF. Currently, the limit to 
expanding the library of COF membranes is the solvent support compatibility issue. However, 
this limitation can be overcome by leveraging solvent-resistant support materials, such as those 
used for organic solvent filtration.24 The combination of solvent-resistant supports with modified 
COF structures offers a new paradigm for NF/RO membrane design in which membrane 
properties are rationally tunable at the molecular level. 
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PERFORMANCE CHARACTERIZATION OF A POLYIMINE 
COVALENT ORGANIC FRAMEWORK NANOFILTRATION 
MEMBRANE WITH ALEXA FLUOR 488 
 4.1 Introduction 
Membrane science and technology has experienced a long historical development since 
the phenomenon of osmosis thorough a semi-permeable material was first documented in 1748.1 
However, it wasn’t until a major breakthrough that occurred more than two centuries later that 
membrane separations were practical as a water treatment technology. In 1963, Loeb and 
Sourirajan developed a synthetic cellulose acetate membrane with an ultrathin, dense, surface 
layer supported by a thick, porous layer underneath.2 As an alternative to this asymmetric 
membrane, Cadotte developed a thin-film composite (TFC) membrane based on the idea that 
each layer could be optimized and fabricated separately to provide a high-performance 
composite membrane. One of the early TFC membranes included a polyamide (PA) barrier layer 
(<3 µm) and a microporous polysulfone (PSf) support layer (~50 µm) that protruded into a 
polyester backing material.3-5 This TFC composite structure consisting of an aromatic PA active 
layer and PSf support has changed very little since its inception nearly four decades ago and has 
prevailed as the most common nanofiltration (NF)/reverse osmosis (RO) membrane technology 
today.6 
Despite its dominance in the NF/RO sector, PA-PSf TFC membranes have several 
limitations. These membranes are highly susceptible to fouling, or the deposition and 
accumulation of unwanted material at the membrane surface. This is attributed to a combination 
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of surface morphology, specifically roughness, charge, and hydrophobicity.7 Fouling may be 
addressed using chemical cleaning agents to proactively prevent the attachment of foulants or 
retroactively remove them from the membrane surface. However, the amide linkage makes PA 
membranes vulnerable to chemical degradation by strong oxidants, in particular chlorine, which 
is commonly applied to the feed water to combat biofouling.8 Finally, although there is still some 
potential for improvement to the PA technology, it may soon reach an upper limit in terms of 
membrane selectivity.9 
As a result, recent efforts have focused on the development of novel membrane materials. 
Unfortunately, many of these materials are synthesized as discrete structures rather than films, 
which prevents their use in the traditional TFC configuration. Some of the materials may be 
synthesized or processed into films, but the thickness precludes high water permeability. Among 
the novel materials, those that allow for molecular-level design have shown promise because the 
separation properties can be tuned based on the specific application.7,10,11 In addition two-
dimensional (2D) materials, which have gained popularity in recent years, offer new 
opportunities for exceptional membrane materials. The combination of atomic thickness, 
nanometer-size pores, mechanical strength, and chemical robustness should provide the ideal 
combination of high selectivity and water permeability.12,13 
Based on these criteria, covalent organic frameworks (COFs) are a prime candidate for 
use in membrane processes. Unlike other materials which offer either atomic-level control or an 
ultrathin nature, COFs are unique in the way that they can provide both. COFs are porous, 
crystalline materials formed by polymerizing monomers into well-defined structures, and 
depending on the reactant monomers, they can be formed as 2D sheets.14,15 Molecular dynamics 
simulations demonstrated promising results with regard to permeability and selectivity of a 2D 
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triazine COF;16 however, this has not been verified experimentally. Despite the small pore size 
achievable with triazine COFs, imine-linked COFs have been explored in more depth owing to 
the versatility of imine chemistry. The extensive library of monomers available for the dynamic 
imine reactions includes precursors with varying sizes, geometries, functionalities, and reactive 
end groups.17 Most importantly, imine-linked COFs can be prepared at room temperature,18-20 
which is a notable advantage in comparison to the solvothermal synthesis methods used to 
prepare most COFs.  
Recently, the preparation of 2D imine-linked COFs using an interfacial polymerization 
(IP) reaction has been reported. This IP reaction utilizes a highly active metal triflate catalyst, 
Sc(OTf)3, which allows for the formation of a free-standing COF film in 30 minutes at room 
temperature. Furthermore, the film can be readily transferred to different substrates including a 
polyethersulfone (PES) UF membrane to form a TFC NF membrane.21 The COF NF membranes 
consisted of ~10 nm thick active layers formed from the reaction between terephthalaldehyde 
(PDA) and tris(4-aminophenyl)benzene (TAPB) and exhibited enhanced rejection of 
Rhodamine-WT (R-WT) and NaCl in comparison to the PES support alone.22 This study 
employs the same COF membranes based on TAPB-PDA active layer and expands the library of 
organic solutes used to characterize their performance. 
4.2 Materials and Methods 
4.2.1 Reagents 
A monomer stock solution was prepared by combining 0.025 mmol 1,3,5-tris(4-
aminophenyl)benzene (TAPB, 97%) and 0.038 mm terephthalaldehyde (PDA, 99%) in a vial 
with a 1,4-dioxane/mesitylene solution (4:1 v/v, 1 mL), and the resulting suspension was 
sonicated at room temperature until the monomers were fully dissolved. A dilute (16-fold) 
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solution of the monomers was prepared using dioxane/mesitylene as the diluent. PDA, dioxane 
(99%), and mesitylene (98%) were purchased from Sigma Aldrich (St. Louis, MO). TAPB and a 
catalyst, scandium(III) trifluoromethanesulfonate (Sc(OTf)3 (98%), and were purchased from 
TCI America (Portland, OR). Permeation experiments were performed with Alexa Fluor 488 
carboxylic acid (AF-488, Thermo Scientific, Carlsbad, CA). Aqueous solutions were prepared 
using Milli-Q water (18.2 MΩ-cm resistivity). 
4.2.2 IP of the COF Active Layer 
A PES membrane (model HFK-328, Koch Membrane Systems, Wilmington, MA) was 
placed in a membrane holder (Amicon model 8010, EMD Millipore, Billerica, MA) and secured 
using an O-ring. A 0.5 mL aliquot of 5 mM Sc(OTf)3 was pipetted on top of the PES to evenly 
cover the surface. Next, the 16-fold dilute organic solution (0.5 mL) was slowly layered on top 
of the aqueous layer. A glass cylinder (inner diameter: 25 mm) a was placed on top of the 
silicone O-ring and covered with a glass plate for 30 minutes. At the end of the reaction time, the 
film was transferred to the PES by drawing both the aqueous and organic solutions through the 
outlet port of the membrane holder using a needle and syringe. The PES+COF film was rinsed 
with methanol followed by water under pressure (0.2 MPa) before being used for permeation 
experiments or air-dried for characterization. 
4.2.3 Permeation Experiments 
Permeation experiments were performed using a 10 mL (effective membrane area: 4.1 
cm2) stirred cell (EMD Millipore, Billerica, MA) at room temperature. Feed solutions of AF-488 
(2.5 mg/L) were adjusted to pH 6.75 ± 0.05 using HCl or NaOH before the start of each 
experiment. Experiments were performed at pressures ranging from 0.01 - 0.5 MPa, and 
permeate flow rates were measured gravimetrically. AF-488 concentrations were measured by 
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fluorometry (RF-5301PC spectrofluorometer, Shimadzu Scientific Instruments Inc., Columbia, 
MD) with excitation and emission wavelengths set to 495 nm and 519 nm, respectively.   
4.2.4 Material Characterization Techniques  
Dynamic light scattering (DLS) was used to measure the hydrodynamic diameter of the 
solute in solution and was performed using a Zetasizer (Nano ZS, Malvern Instruments, 
Worcestershire, U.K.) equipped with equipped with a helium-neon laser (633 nm). 
Atomic force microscopy (AFM) analyses were performed with a Research Cypher 
(Asylum, Santa Barbara, CA) in tapping mode using Tap300Al-G tips (BudgetSensors, Sofia, 
Bulgaria), which have a tip radius < 10 nm. The scan size for each sample was 1µm x 1µm. 
Image processing was performed using Gwyddion software (Czech Metrology Institute, Czech 
Republic). The root-mean-square roughness (RRMS) was calculated for two locations on each 
sample based on the surface topography.  
4.3 Results and Discussion 
Figure 4.1 shows the AF-488 rejection by four pristine PES membranes. The AF-488 
rejection is significantly greater than the Rhodamine-WT (R-WT) rejection observed for the 
PES, COF, and control membranes.22 This is expected given that AF-488 is larger (MW = 531 
g/mol) in comparison to R-WT (MW = 486 g/mol). This difference in size is supported by DLS 
measurements, which indicated a larger molecular size for AF-488 (175 nm) in comparison to R- 
R-WT (83 nm). These measurements provide a relative comparison, but it should be noted that 
the fluorescence and absorbance of both AF-488 and R-WT likely affected the absolute 
quantification of molecular size. As shown by each structure in Figure C.1, both AF-488 and R-
WT have similar core structures, but AF-488 contains two sulfonate groups, which contribute to 




Figure 4.1. a) AF-488 rejection by four PES membranes and b) the corresponding water 
permeability. The solid grey line in (a) represents the fitting obtained by applying Equation 4.1 
to all four sets experimental data combined, and the solid grey line is the best linear fit, 
corresponding to the water permeability A. 
While both R-WT and AF-488 are relatively hydrophilic and have similar basic 
structures, the rejection of these fluorophores is quite different. Unlike R-WT, the rejection of 
AF-488 decreases with increasing flux as shown in Figure 4.1. This trend is qualitatively 
consistent with concentration polarization, the accumulation of the retained solute adjacent to the 
membrane surface.8 Assuming that the concentration polarization is limited to an interfacial 
laminar film, and accounting for membrane imperfections,23 solute rejection can be expressed as  








    Equation 4.1 
 
where Jv (m/d) is the permeate flux, cp and cf are the solute concentrations in the permeate 
solution and bulk feed solution, respectively, B (m/d) is the solute diffusive permeation 
coefficient, α is a fraction corresponding to solute passage by advection, and k (m/d) is the mass 
transfer coefficient of the solute in the concentration polarization film.  
Equation 4.1 was used to fit the AF-488 rejection data using a least squares regression. 
As shown in Figure 4.1, this equation cannot accurately represent the behavior observed in the 
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range of fluxes investigated in this study. Even the limiting case where solute transport is solely 
by advection (i.e. B = 0 m/d) significantly under-predicts the rejection in the low flux regime. 
Moreover, Equation 4.1 indicates that purely advective transport results in rejection that 
decreases more quickly as the flux increases (concave down trend), whereas the experimental 
data in Figure 4.1 indicate that the rejection appears to be asymptotically decreasing with 
increasing flux (concave up trend). Finally, there was no evidence of fouling in any of these 
experiments; the flux increases linearly with hydraulic pressure as shown in Figure 4.1b. 
This type of behavior has been observed in literature or with various UF membranes for 
the filtration of aqueous solutes including polyethylene glycol (PEG)24-26 and 
polyvinylpyrrolidone (PVP),24, polystyrene (PS),27 dextran,25,26,28, and DNA.29 These authors 
demonstrated that the trend in rejection was attributed to molecular deformation under shear 
stress at the high pressures. Changes to the solute’s molecular shape would correspond to 
changes in the solute diffusion and partition coefficients, both of which affect the solute 
permeation coefficient B. 
B = DsKs
δ
   Equation 4.2 
where Ds and Ks are the solute diffusion and partition coefficients, respectively, and d is the 
membrane thickness.  
For simplicity, dataset #3 was selected to evaluate whether or not a changing B parameter 
could explain the observed trend in rejection. The points at the three highest fluxes, ~0.6, 0.8, 
and 0.9 m/d were modeled using Equation 4.1 to obtain α = 1.2x10-2 and B = 1.2x10-2 m/d. Next, 
this α value was used with each of the rejections measured at ~0.2, 0.35, and 0.5 m/d to calculate 
the B parameter for each of these data points. Each B was used to generate a unique rejection 
curve, plotted in Figure 4.2, assuming a constant α (1.2x10-2) in each case. The assumption that α 
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is constant is reasonable given that this parameter represents flow through membrane 
imperfections, an inherent material property. 
 
Figure 4.2. AF-488 rejection by a PES membrane. The data corresponds to dataset #3 in Figure 
4.1. The solid line represents the fitting obtained by least squares regression for the points where 
Jv >0.6 m/d to get α and B. Assuming that α is constant, B was calculated for each point with 
Jv<0.6 m/d using Equation 4.1 to obtain a unique curve for each B value. 
After the initial solute permeation test, each PES membrane was used as a substrate for 
the COF IP reaction. Each COF TFC membrane was then subject to additional permeation 
experiments.  In addition to the PES and COF membranes, a control membrane was evaluated in 
order to elucidate any changes to solute permeation that result from solvent-induced damage to 
the PES membrane, which was discussed in previous work.22 This control experiment exposed 
the PES to water and 4:1 dioxane/mesitylene solution in the same conditions used for the IP 
reaction. Without the reactants or catalyst, these conditions resulted in densification of the top 
portion of the PES but did not result in the formation of a COF film.  
Figure 4.3 shows the AF-488 rejection by all four COF membranes as well as the 
corresponding rejection for each PES membrane (same experimental data shown in Figure 4.1) 
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and a control membrane. In each case, the COF membranes demonstrated enhanced rejection of 
AF-488 in comparison to the PES membranes without the COF films. Additionally, the PES 
control membrane confirmed that the morphological changes to the PES associated with solvent 
exposure did not affect the solute rejection. Figure C.2 shows the corresponding water 
permeability for each of these membranes.  
 
Figure 4.3. AF-488 rejection by pristine PES, COF, and control membranes. Control membrane 
was exposed to water and solvent under the same conditions used for the IP reaction but without 
any reactants or catalyst.  
Previously, a two-film model (see Appendix C for derivation) was developed to 
determine the intrinsic transport parameters for the COF active layer, BCOF and aCOF, as opposed 
to the composite PES-COF. According to this two-film model, the membrane rejection can be 
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   Equation 4.3 
Three of the four COF membranes exhibited rejection trends similar to those observed for 
the PES membranes. Accordingly, both approaches for the two film-model and a varying B 
parameter were adapted to model the rejection behavior observed for the COF membranes. To 
demonstrate, dataset #3 was selected again to evaluate whether or not a changing B parameter 
could explain the observed trend in rejection for the COF membranes. In this case, aCOF and each 
of the BCOF values were solved for simultaneously (see Appendix C for details), and the results 
are shown in Figure 4.4. Consistent with the PES membranes, the solute permeation coefficient 
B for the COF membranes increases with increasing flux. These fitting procedures were repeated 
for each COF membrane to obtain B parameters that correspond to each flux. The resulting B 






Figure 4.4. COF membrane rejection of AF-488. The lines represent Equation 4.3, where the 
parameters were obtained by fitting the experimental data using the two-film model for rejection 
and allowing the B parameter to vary for each Jv < ~0.65 m/d. In each case aCOF = 0. 
 
Figure 4.5. Solute permeation coefficients, B, plotted as a function of Jv.  
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B = 0.0073ln(Jv) + 0.015
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Permeation experiments were also performed using a commercially available NF 
membrane consisting of a semi-aromatic PA active layer (NF-270, Dow, Midland, MI) and a PSf 
support layer.30 As shown in Figure 4.6, the commercially available NF membrane exhibited the 
same trend where the AF-488 rejection decreases asymptotically. Given the difference in support 
layers (PES for the COF membranes vs. PSf for the NF-270), it was not possible to apply the 
two-film model for rejection by the NF-270. Instead, Equation 4.1 was applied to the data using 
a procedure similar to that used for the PES membranes. In this case, the three points with Jv > 
0.8 m/d were fit to get B values assuming that a = 0. Next, B parameters were calculated for each 
of the points with Jv < 0.8 m/d, and the results are shown in Figure C.3. It is remarkable that, 
aside from the lowest flux of ~0.1 m/d, the COF membranes outperformed this commercial PA 
NF membrane in terms of the AF-488 rejection. This finding demonstrates great promise for 
TFC membranes that are composed of COF active layers. 
 
Figure 4.6. AF-488 rejection by pristine PES, COF, and NF-270 membranes. NF-270 is a 
commercially available semi-aromatic PA membrane. 
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Finally, Figure 4.3 shows that one COF membrane, #2, demonstrated extraordinary 
rejection of AF-488 in comparison to the other replicates. The experimental data was fit using 
the two-film solution diffusion model to obtain the intrinsic COF active layer transport 
parameters aCOF = 6.2x10-4 and BCOF = 8.0 x10-6 m/d as shown in Figure 4.7. Out of the four 
COF membranes in this study, this membrane corresponded to the largest decrease in water 
permeability as shown in Figure C.2; however, it is within the range of values reported 
previously.22 Additionally, it has been shown that the solvent degradation affects the water 
permeability but does not affect rejection.  
 
Figure 4.7. AF-488 rejection by COF membrane #2. The experimental data (circles) were fit 
using the two-film solution diffusion model to obtain the intrinsic COF transport parameters. The 
solid black line represents Equation 4.3 with the best-fit parameters aCOF = 6.2x10-4 and BCOF = 
8.0 x10-6 m/d. 
This exceptional performance could possibly be attributed to a higher degree of 
crystallinity achieved with this COF in comparison to the others. However, WAXS analyses 
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described in the previous study were inconclusive owing to the low thickness of the active layer 
and composition of entirely light elements that do not diffract well. Thicker active layers (~50 
nm) also did not exhibit XRD peaks indicative of COF crystallinity. For the same thin film COF, 
Matsumoto et al.,21 only obtained a diffraction pattern comparable to the powder COF for a very 
thick film (~100 µm) on a silicon wafer substrate. 
AFM imaging was used to investigate any topological differences between the pristine 
PES and COF membranes. The resulting images for each are shown in Figure 4.8. 
Comparatively, the pristine PES membrane is the smoothest (RRMS = 1.47 ± 0.1 nm) followed by 
COF membrane #2 (RRMS = 1.87 ± 0.1 nm) and COF membrane #3 (RRMS = 4.33 ± 0.51 nm). 
These images and surface roughness values suggest that the surface topology of the COF active 
layer plays a critical role in determining the membrane performance. This smooth active layer 
could result from a smoother interface during the interfacial polymerization although the specific 
cause is unknown. In any case, this finding suggests a great deal of potential for COF membranes 







Figure 4.8. 3D AFM images of a) pristine PES, b) PES + polyimine COF #2, and c/d) PES+ 
COF #3. The images in c and d show different locations on the same sample. All scans are 1 µm 
x 1 µm. 
4.4 Implications 
This study expanded the library of organic solutes used to characterize COF TFC 
membranes. Both the PES membrane support and the COF membranes exhibited rejection 
behavior that suggests possible solute deformation, which manifests as a changing solute 
permeation coefficient, B. Regardless of the transport model, the COF membranes outperformed 
both the PES UF membranes and a commercially available NF membrane. In one case, a COF 
membrane exhibited exceptional rejection of the organic solute, AF-488. This may be attributed 
to the relatively smooth surface and even surface coverage of the COF film, both of which are 















While these results demonstrate potential for membranes containing COF active layers, 
additional work is needed to better identify how to reproducibly fabricate these high performing 
NF membranes. 
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SYSTEMATIC INVESTIGATION INTO THE ROLE OF PORE SIZE ON 
COF MEMBRANE PERFORMANCE 
5.1 Introduction 
Covalent organic frameworks (COFs) are a class of supramolecular polymers assembled 
from organic building blocks and joined by strong, covalent bonds to form extended structures 
with structural periodicity and inherent porosity. Utilizing the principles of reticular chemistry, 
the building blocks are conformationally rigid and retain their structural integrity during 
assembly. Additionally, the directionality of the covalent bonds provides a pathway to form 
polymer networks that can be pre-designed with high precision. In other words, the geometry 
and dimensions of the organic building blocks and linkages determine the structure of the 
resulting COFs.1-5  
This molecular level design, which is difficult to achieve with other porous materials, 
starkly contrasts the current state of the art materials employed for highly selective water 
filtration, namely nanofiltration (NF) and reverse osmosis (RO) processes. Most commercially 
available NF and RO membranes have a thin-film composite structure (TFC) consisting of a 
polyamide active layer (<250 nm) that governs the membrane’s selectivity. However, the 
similarities in chemistry make these membranes prone to many of the same operational issues 
including compaction, fouling, and chemical degradation.6 After nearly four decades of 
implementation and improvement, the performance attainable with polyamide-based TFC 
membranes may be approaching an upper limit.7,8 
These shortcomings have motivated research into novel membrane materials including 
those that provide atomic-level control. For example, block co-polymers are self-assembled 
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materials that have narrow pore size distributions. They can be tuned by modifying the polymer 
blocks and concentrations9,10 and could also be utilized to control biofouling.11,12 Aside from 
precise control, two-dimensional (2D) materials offer new opportunities for exceptional 
membrane materials. For instance, graphene,13,14 graphene oxide (GO),15 MXenes,16 and 
transition-metal dichalcogenides (TMDCs) such as molybdenum disulfide17 have been 
investigated as prospective membrane materials because the combination of atomic thinness, 
nanometer-sized pores, mechanical strength, and chemical robustness should provide the ideal 
combination of high selectivity and water permeability.18,19 
While most of these materials fail to offer both molecular level design and the ultrathin, 
yet robust, nature of 2D materials, the modular nature of COFs can be exploited to form 
ordered 2D networks that have tunable physical properties and chemical functionalities. COFs 
are also highly crystalline, which is attributed to the thermodynamic equilibrium that is achieved 
during the synthesis process, and this allows for the formation of one dimensional channels that 
are ideal for separation processes. In fact, COFs show potential for desalination applications 
based on molecular simulations that demonstrated higher water permeability and salt rejection in 
comparison to polyamide membranes.20 While this extraordinary performance has not been 
verified experimentally, several COF membranes have been reported.21,22  
The COF membranes reported in literature utilized imine-linked COFs that were 
formed using high temperatures (60-180 °C) and long reaction times (72 hours). In comparison 
to other COFs, imine-based COFs exhibit exceptional versatility owing to their chemical stability 
and large library of building blocks that can be used to produce structures with a range of 
topologies and functionalities.23 In addition, imine-linked COFs have been prepared using 
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different fabrication strategies and reaction conditions, including interfacial polymerization (IP) 
at room temperature.24,25  
This recent development using IP to form a COF thin film allowed for the construction 
and implementation of an imine-linked COF as the active layer of a TFC NF membrane.25,26 The 
COF NF membranes exhibited enhanced rejection of a small organic compound and sodium 
chloride. In contrast to these efforts that utilized a polyimine-linked COF with a pore size 
distribution centered at approximately 3.4 nm,25,27 this work represents the first step towards 
decreasing the pore size of COF membranes. 
5.2 Materials and Methods 
5.2.1 Reagents 
1,3,5-triformylbenzene (TFB, 97%), 1,4-dioxane (99%), and mesitylene (98%) were 
purchased from Sigma Aldrich (St. Louis, MO). Tris(4-aminophenyl)benzene (TAPB, 97%) and 
scandium(III) trifluoromethanesulfonate (Sc(OTf)3, 98%) were purchased from TCI America 
(Portland, OR). Permeation experiments were performed using Rhodamine-WT (R-WT; 20% 
w/w; Turner Designs, San Jose, CA) as an organic fluorophore and sodium chloride (NaCl; 99%; 
EMD Millipore, Darmstadt, Germany). Aqueous solutions were prepared using Milli-Q water 
(18.2 MΩ-cm resistivity). 
5.2.2 Active Layer Formation  
The membrane holder component of a dead-end filtration cell (Amicon model 8010, 
EMD Millipore, Billerica, MA) was utilized as the reactor for the COF IP reaction. A 
polyethersulfone (PES) ultrafiltration membrane (HFK-328; Koch Membrane Systems, 
Wilmington, MA) was placed at the bottom of the reactor and held in place with silicon O-ring. 
Next, an aqueous solution of Sc(OTf)3 (5 mM, 0.5 mL) was pipetted on top of the membrane 
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followed by an organic solution of monomers (1.56 mM TAPB-1.56 mM TFB, 0.5 mL). A glass 
cylinder was placed on top of the silicone O-ring and covered with a glass plate. After 30 min, 
the film that formed at the interface between the two immiscible phases was transferred to the 
PES by drawing both the aqueous and organic solutions through the outlet port of the membrane 
holder using a needle and syringe. The PES+COF film was rinsed with methanol followed by 
water under pressure (0.2 MPa) before being used for permeation experiments or air-dried for 
characterization. 
5.2.3 Physicochemical Characterization 
Transmission electron microscopy (TEM) was performed with a Philips CM200 (FEI, 
Hillsboro, OR) at 120 kV. In order to prepare electron transparent cross-sections, membranes 
were first cut into thin slices using a razor blade and embedded in an epoxy resin. After curing 
overnight, the epoxy blocks were sectioned using an Ultracut UCT ultramicrotome (Leica 
Microsystems, Buffalo Grove, IL), and the ultrathin sections (~90 nm) were transferred to copper 
grids for imaging.  
Fourier transform infrared (FTIR) spectra were collected using a Frontier spectrometer 
(Perkin Elmer, Waltham, MA) equipped with a mid-infrared source, KBr beam splitter, and 
LiTaO3 detector. Each scan was collected using a spectral resolution of 2 cm–1, and 50 scans 
were acquired and averaged per sample. A background scan was collected before the analysis 
and used for baseline correction. 
5.2.4 Permeation Experiments 
Permeation experiments were conducted using a stirred cell (Amicon model 8010, EMD 
Millipore, Billerica, MA) at room temperature. Feed solutions of R-WT (2.5 mg/L) or NaCl (400 
mg/L) were adjusted to pH 6.75 ± 0.05 using HCl or NaOH before the start of each experiment. 
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Experiments were performed over a range of pressures from 0.01 - 0.5 MPa, and permeate flow 
rates were measured gravimetrically. R-WT (EX = 550 nm, EM = 580 nm) concentrations were 
determined using a spectrofluorometer (RF-5301PC, Shimadzu Scientific Instruments Inc., 
Columbia, MD). NaCl concentrations were measured as Cl– with ion chromatography (ICS-
2100; Dionex, Sunnyvale, CA). Analyses were performed with 4 mm IonPac AS18 analytical 
and AG18 guard columns, 23 mM KOH eluent, 57 mA suppressor current, a flow rate of 1 
mL/min, and a 25 µL sample loop and injection volume. 
5.3 Results and Discussion 
5.3.1 Thin-Film and Active Layer Formation 
The condensation of aldehyde monomers with primary amines produces imine 
compounds as shown in Figure D.1. Furthermore, an interfacial polymerization (IP) can be 
employed to produce a thin layer of polyimine COF form at the interface between two 
immiscible phases. While the actual reaction zone for any IP process is debatable,28 the polymer 
grows into one phase, and the interface controls the diffusion of monomers. Preliminary 
investigations of the TAPB-TFB COF system involved adapting the IP conditions (solvent, 
concentrations, volumes, reaction times) used to form the TAPB-PDA COF reported 
previously.26 The IP reaction was initially performed in vials, similar in diameter to the reactor 
used for membrane fabrication, and monitored over the reaction time for comparison of both 
imine COF systems. The reaction progression, which is shown in Figure D.2, indicates a 
smoother interface for the TAPB-PDA monomers in comparison to the TAPB-TFB. As the 
reaction proceeded, both aqueous and organic phases became turbid for the TAPB-TFB system, 
and this could be explained by the higher aqueous solubility of TFB in comparison to PDA. 
Regardless, each system resulted in the formation of a thin film.  
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Similar phenomena were observed when the reaction was performed in the membrane 
holder to form a TFC membrane. However, during the final rinsing steps with methanol and/or 
water, delamination was frequently observed with the TAPB-TFB COF system. While the extent 
of delamination varied, Figure D.2e shows an extreme case of delamination. Based on the 
observed turbidity discussed previously, it was not known whether or not this delamination 
indicated loss of the COF active layer and/or the extent to which it would affect the 
physicochemical properties of the COF membranes. While it was not the original intention, 
Figure D.2e confirms that the TAPB-TFB IP reaction produces large-area (mm2) thin films that 
can be transferred to an arbitrary substrate. The results presented herein represent 
characterization of membranes that showed that showed little to no delamination. 
TEM analyses were used to visualize the TAPB-TFB COF for comparison with the 
TAPB-PDA COF. The image of the TAPB-TFB COF membrane, shown in Figure 5.1b, reveals 
a thin, less electron-dense region, the COF film, on top of the PES support. Based on this image, 
this active layer appears to be ~70 nm thick, which is consistent with the thickness observed for 
the TAPB-PDA active layer COF membrane using TEM (Figure 5.1a). However, it should be 
noted that TEM has been shown to significantly overestimate polyamide active layer 
thicknesses.29 The image also showed small, circular, and electron-dense features, which were 
observed near the TAPB-TFB surface on several occasions. In one case, the film also appeared 
to be detached from the underlying PES support. This detachment could result from the epoxy 
embedding process, but it further confirmed thin film formation and the thickness estimate. 






Figure 5.1. Cross-sectional TEM images of COF membranes with a) TAPB-PDA and b) TAPB-
TFB active layers on top of PES supports.  
FTIR analyses were used to evaluate the formation of imine functional groups. Based on 
previous work that indicated morphological changes to the PES resulting from its incompatibility 
with the organic solvents,26 control membranes were also prepared by layering the top side of 
PES with water and the dioxane/mesitylene mixture. As previously reported, the densification 
does not result in compositional changes or enhanced rejection efficiencies, which were 
confirmed by RBS and permeation experiments, respectively. Given that the PES composition 
remains unchanged, each spectrum was normalized by the peak at 1485 cm-1, which is assignable 
to the aromatic rings of the polysulfones.30-32   
The normalized spectra for pristine PES, PES control, and TAPB-PDA COF membranes 
are shown for comparison in Figure 5.2 and reveal several notable differences. The initial 
pristine PES membrane absorbed at approximately 1670 cm-1. This absorbance corresponds to 














commonly used to increase the hydrophilicity of PES membranes and modulate the pore size,33,34 
was trapped within the PES network. PVP cannot be removed by flushing with water, but Figure 
5.2 shows that the amide peak dissipates as a result of exposure to the organic solvents, dioxane 
and mesitylene, as evidenced by the PES control membrane spectrum.  
 
Figure 5.2. FTIR characterization of pristine PES membrane (red), COF membranes consisting 
of TAPB-PDA (green) and TAPB-TFB (blue) active layers, and a control membrane (black) that 
does not contain a COF active layer.  
Comparing the spectra for the control and for the TAPB-TFB COF membrane, the COF 
membrane exhibited a peak at 1626 cm-1 corresponding to the imine moiety. This absorbance 
band shifted to a slightly higher wavenumber in comparison to the TAPB-PDA COF membrane 
(n = 1622 cm-1) and could correspond to less conjugation with the adjacent phenyl groups.35 
Similar to the TAPB-PDA COF, an absorbance band was observed at 1518 cm-1. This is 
attributable to the di-substituted aromatic rings,35 which are present in the TAPB monomer and 
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shown in Figure D.4 and exhibited several absorption bands in the range of 3340-3480 cm-1 
corresponding to the terminal amines. Together, the shift in absorption from 1510 to 1518 cm-1 
and lack of absorbance due to the primary amines in the COF spectra confirmed that the para-
substituted rings support the formation of the polyimine COF. 
5.3.2 Performance Characterization 
The reaction between TAPB and TFB was expected to form a network with pores 
approximately 1.8 nm in comparison to the nearly double size pores (3.4 nm) formed by the 
reaction between TAPB and PDA as shown in Figure D.1. As previously stated, thin-film 
polyimine COFs were formed using both combinations of amine and aldehyde monomers and 
applied as active layers in TFC membranes to systematically investigate the role that pore size 
plays in solute rejection. Figure 5.3a shows the rejection of R-WT, a representative small organic 
compound, by the TAPB-TFB COF membranes. For comparison, rejection by pristine PES, PES 
control, and commercial NF membranes (Dow NF-270) are also presented in Figure 5.3a. As 
discussed in an earlier publication, the densification incurred by the organic solvents does not 
result in increased solute rejection, but it has detrimental impacts on the water permeability 
(Figure D.5).26 The data in Figure 5.3a show that the TAPB-TFB COF provided greater R-WT 
rejection in comparison to the TAPB-PDA COF membrane. However, the increase was modest 





Figure 5.3. a) R-WT and b) NaCl rejection by pristine PES, COF, and control membranes. The 
symbols represent experimental data, and the solid lines represent the modeled solute rejection 
obtained by applying the modified solution-diffusion model for one or two-films. 
It is well-understood that steric effects play a critical role in advective transport due to the 
applied pressure difference. This size exclusion or sieving effect mainly applies to the rejection 
of organic solutes.36,37 In general, as the size of solute molecule increases, or the membrane pore 
size decreases, the solute steric hindrance increases. However, literature has shown that a smaller 
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pore size distribution does not necessarily guarantee lower solute rejection.38 This is particularly 
applicable for charged solutes,39,40 and R-WT is negatively charged at pH 6.75.  
There are other factors, aside from steric effects, that affect membrane performance 
including electrostatic effects and the solute-membrane affinity. Electrostatic effects are based on 
the charge of the solute and membrane surface; negatively charged ions and organic molecules 
experience electrostatic repulsion by a negatively charged membrane and vice versa.41,42 Figure 
D.1 shows that the both TAPB-PDA and TAPB-TFB COF networks are neutral in charge, which 
suggests that the electrostatic interactions between R-WT and the membrane surface should be 
comparable. 
The rejection behavior in Figure 5.3a was modeled using a modified solution diffusion 
model that accounts for solute transport by advection through localized membrane imperfections 
and concentration polarization. The experimental data for the pristine PES and NF-270 
membranes were modeled using a single-film transport model, which defines rejection as 
follows.43 








    Equation 5.1 
where cp and cf are the solute concentrations in the permeate solution and bulk feed solution, 
respectively, B (m/d) is the solute diffusive permeation coefficient, α is the fraction of solute 
passage by advection, Jv (m/d) is the permeate flux, and k (m/d) is the mass transfer coefficient 
of the solute in the concentration polarization film.  
This model assumes that the solute rejection is dictated by a single film or barrier layer. 
In most commercially available TFC membranes, this assumption is reasonable because the 
active layer predominantly determines the membrane selectivity, while the underlying UF 
membrane merely provides mechanical strength and support.44 The experimental data for the 
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COF TFC membranes indicated that the PES support significantly contributed to the solute 
rejection. As a result, a two-film transport model can be applied to determine the intrinsic 
transport parameters for each of the COF active layers. For the two-film model, rejection is 
expressed by the following equation:26 
Rejection	= 100 × 1−
cp
cf
 =  
100	×	 1 - 
1
1+






where BCOF (m/d) is the intrinsic solute diffusive permeation coefficient of the COF active layer, 
and αCOF is the fraction of the total water flux that corresponds to advection through the COF 
active layer due to imperfections. BPES (m/d) and αPES are the solute diffusive permeation 
coefficient and fraction corresponding to water passage through imperfections in the PES support 
and were determined by fitting the PES rejection data using Equation 5.1.  
Regardless of the transport model applied, all solute transport parameters, α and B, were 
obtained by performing least squares regression analysis, and the results are presented in Table 
5.1. The water permeability coefficients, A, are also listed in Table 5.1; the corresponding data is 




Table 5.1. Transport parameters obtained as a result of applying the solution diffusion model to 
the experimental data in Figure 5.3. The B and α for obtained for the COF membranes represent 
the intrinsic transport parameters for the COF active layers. The mass transfer coefficients for R-
WT and NaCl are kR-WT = 0.9 m/d and kNaCl = 2.6 m/d.26 
 R-WT NaCl 











Pristine PES 12.1 ± 0.1 0.020 ± 0.002 
0.076 ± 
0.004 13.0 ± 0.2 NA NA 
PES + TAPB-

























The solute permeation coefficient, B, obtained for the TAPB-TFB COF membrane is 
unchanged in comparison to the TAPB-PDA COF membrane. This parameter is directly related 
to the solute’s diffusive and solubility properties, which are both intrinsic properties, and the 
membrane thickness according to the following equation:   
B = DsKs
δ
  Equation 5.3 
where Ds and Ks are the solute diffusion and partition coefficients, respectively, and d is the 
membrane thickness.45 The fact that BCOF is equivalent for both COF membranes suggests that 
the diffusion and partitioning of R-WT into each active layer were unaffected by the imine-
linked COF pore size.  
On the other hand, the TAPB-TFB COF had an α that is ~60% of the value obtained for 
the TAPB-PDA COF. This agrees relatively well with the expected difference in pore size (1.8 
nm / 3.4 nm ≈ 53%). However, it should be noted that the minimum size of R-WT (~1.5 nm) is 
still less than the TAPB-TFB COF pore size, and this could possibly explain the small increase 
in rejection in comparison to the TAPB-PDA COF membrane. 
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In addition to R-WT, the ability for the COF membranes to reject NaCl, a background 
electrolyte, was also evaluated. Similar to R-WT, the TAPB-TFB COF membranes demonstrated 
a slight increase in rejection in comparison to the TAPB-PDA COF membranes as shown in 
Figure 5.3b. The experimental data for the pristine PES, COF membranes, and NF-270 were 
modeled using the single-film solution diffusion model that accounts for advective solute 
transport through membrane imperfections. It was not necessary to apply the two-film model in 
this case because the PES support did not contribute to measurable NaCl rejection as shown in 
Figure 5.3b. The resulting transport parameters, which are shown in Table 5.1, indicate an 
insignificant change in the solute permeation coefficient, B.  
Analogous to R-WT, the salt permeation coefficient for NaCl did not change when the 
pore COF pore size was decreased by a factor of nearly two. Based on Equation 5.1, this could 
suggest that the equilibrium partitioning of NaCl at the membrane interface and its subsequent 
diffusion through the active layer were unaffected by the COF pore size. This is reasonable given 
that the equilibrium partitioning and ionic diffusion are highly influenced by the membrane 
surface charge. In addition, the α indicated that the majority of NaCl transport occurs by 
advection despite the reduction in pore size to 1.8 nm. This is also not surprising considering that 
the nanometer-sized COF pores are an order of magnitude larger than the hydrated Na+ and Cl- 
ions, which are 3.58 Å and 3.32 Å, respectively.46  
5.4 Implications 
COF NF membranes were constructed using triamine and trialdehyde monomers to form 
polyimine COF active layers. This combination of monomers should produce a hexagonal array 
of pores approximately 1.8 nm in diameter in contrast to the 3.4 nm pore size investigated 
previously. FTIR confirmed the formation of imine functional groups; yet, the decreased pore 
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size did not dramatically increase the solute rejection. This is not surprising considering the 
nanometer-size pores were still larger in comparison to each solute, and the chemical 
composition was not significantly altered in comparison to the previous work. The modest 
changes could also be partly attributed to the observed delamination. Regardless, further 
decreases in pore size and/or functionalization of the inner pore walls are necessary to achieve 
greater rejection of both organic solutes and electrolytes. 
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THIN-FILM COMPOSITE MEMBRANES PREPARED WITH 
POLYIMINE COF ACTIVE LAYERS ON TOP OF 
POLYACRYLONITRILE SUPPORTS 
6.1 Introduction 
The first covalent organic frameworks (COFs), reported in 2005, were prepared using 
condensation reactions to form boronate anhydrides or esters. These reactions produced planar, 
two-dimensional (2D), and crystalline sheets that stack as a result of π-π interactions between 
sheets.1 While the boron-based chemistry is the most popular, there is a major limitation in 
regard to the application of the boronate COFs. They are highly susceptible to degradation by 
water molecules and can lose their structural integrity after just 20 minutes of water exposure.2 
This issue of hydrostability has been addressed with the development of COFs based on other 
linkages including imine-linked COFs, which have demonstrated stability in most solvents.3,4  
Compared with traditional membranes consisting of a thin polyamide active layer on top 
of a microporous support, 2D COFs provide opportunities to tune and improve the 
physicochemical properties of membrane active layers, which could help to overcome the current 
limitations in regards to selectivity, fouling potential, compaction, and chemical resistance of 
polyamide membranes.5-9 COFs are constructed using shape-persistent building blocks that are 
joined using covalent bonds, which provide strength and direct the spatial orientation of the 
building blocks to form extended polymer networks. This implies that the size, geometry, and 
chemical functionality of the monomer precursors determine the resulting polymer structure and 
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chemical composition.3,10-12 In addition, the unique 2D nature of COFs makes this class of 
materials an excellent candidate for creating ultrathin active layers that provide highly-controlled 
and one-dimensional nanochannels, which are ideal for separation processes. 
Recently, Matsumoto et al. 201713 developed an interfacial polymerization reaction to 
form a 2D polyimine COF based on the reaction of triamine and dialdehyde monomers. This 
finding is significant because the interfacial polymerization reaction produces a large-area film 
as opposed to an insoluble powder, which has limited utility and processability. In addition, a 
metal triflate catalyst, scandium(III) trifluoromethanesulfonate (ScOTf)3, enables COF formation 
very quickly at room temperature in comparison to the long reaction times (72 h) at elevated 
temperatures (70-120ºC)14,15 that are required for solvothermal synthesis of imine-liked COFs. 
Up until this point, the polyimine COF reaction has only been adapted for film synthesis on a 
polyethersulfone (PES) ultrafiltration membrane, which provides mechanical strength and 
support.13,16 Rutherford backscattering spectrometry (RBS) analyses confirmed the presence of a 
film approximately 10 nm thick, and Fourier transform infrared spectroscopy (FTIR) confirmed 
the formation imine functional groups. In addition to physicochemical characterization, the COF 
nanofiltration membranes rejected more Rhodamine-WT (R-WT), a fluorophore representative 
of small organic compounds, and NaCl in comparison to the PES support layer alone.16 
This enhanced rejection is promising because it represents the first successful 
demonstration of a COF thin-film composite (TFC) membrane, but these results also indicated 
that commercially available support materials, including PES, were incompatible with the 
organic solvents used for the COF IP process. In fact, direct exposure to the organic solvents 
used for the COF IP resulted in the complete dissolution of PES within minutes, and even 
minimal solvent exposure induced morphological changes to the PES layer. These morphological 
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changes resulted in unpredictable and sometimes severe decreases in the water permeability but 
did not affect solute rejection.16 
This solvent incompatibility can be explained by the high solubility of PES in polar 
aprotic solvents, which is advantageous for forming membranes through phase inversion, the 
most commonly used ultrafiltration membrane preparation method. During the phase inversion 
process, a polymer is dissolved in a casting solvent to form a casting solution, spread on a 
nonwoven material, and submersed in water. Due to the exchange of water and solvent, 
precipitation occurs to form the porous polymer membrane. As the concentration of polymer in 
the initial casting solution increases, the pore size of the membrane decreases.17,18 As a result, the 
solubility of PES is useful for membrane fabrication, but also it means that PES will readily re-
dissolve upon contact with aggressive solvents. Therefore, a solvent resistant support will be 
necessary to ensure consistent properties and performance with the COF membrane products.  
Similar to PES, polyacrylonitrile (PAN) is formed through a phase inversion process,19 
but PAN provides greater chemical resistance. This chemical resistance originates from the less 
soluble nature of PAN,19 and this low solubility results in relatively larger pores in comparison to 
PES.20 This is disadvantageous for the formation of selective membranes, but it provides greater 
stability against organic solvents once the membrane is formed. Finally, PAN is more 
hydrophilic21 and has good wettability for aqueous solutions, which is important to ensure 
uniform spreading of the aqueous catalyst solution on the surface during the interfacial 
polymerization process.  
PAN has been utilized as an effective support material for thin-film composite 
membranes without any further modifications.22 However, modifications can be used to further 
modulate the membrane porosity and chemical structure. For example, exposure to sodium 
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hydroxide (NaOH) has been shown to convert nitrile groups to amide and then carboxylic 
groups.23 Low alkaline solution exposure times result in swelling of the membrane whereas 
longer exposure times correspond to decreased pore sizes because the swollen polymer chains 
are more mobile and able to pack more efficiently. Heat treatment has also been shown to 
decrease the pore size due to better packing of the PAN polymer chains.24 Simultaneous 
exposure to NaOH and heat results in a combination of morphological changes. Nitrile groups 
are converted to carboxylic groups, and pore size decreases.25-27 Alkaline hydrolysis has also 
been shown to result in PAN cyclization although the mechanism is unclear.28,29 A simplified 
schematic illustrating these transformations is presented in Figure 6.1. 
 
 
Figure 6.1. Conversion of nitrile groups in PAN to carboxylic groups and the formation of cyclic 
structures. 
Hydrolyzed PAN supports are useful for the fabrication of thin-film composite 
membranes for several reasons. The formation of carboxylic groups increases the surface 
hydrophilicity, which is advantageous when the thin-film synthesis involves an aqueous phase in 
contact with the surface of the support.30-32 In addition, the charged carboxylate functional 










approach has proven effective for interfacial polymerization reactions between m-
phenylenediamine (MPD) or piperazine (PIP) and trimesoyl chloride (TMC)25,26,33 to form 
polyamide active layers and layer-by-layer assembly of poly(allylamine hydrochloride) (PAH) 
and graphene oxide.34,35 In each case, the increased stability of the active layer is attributed to the 
formation of ionic bonds between amine carboxylate groups. Noting the shortcomings of the PES 
supports used in the previous study and the potential for PAN to overcome these limitations, this 
study investigates the fabrication of COF TFC membranes with polyimine active layers formed 
on top of PAN membrane supports. 
6.2 Materials and Methods 
6.2.1 Reagents 
Terephthalaldehyde (PDA, 99%), 1,4-dioxane (99%), mesitylene (98%), and sodium 
hydroxide were purchased from Sigma Aldrich (St. Louis, MO). Scandium(III) 
trifluoromethanesulfonate (Sc(OTf)3, 98%) and 1,3,5-tris(4-aminophenyl)benzene (TAPB, 93%) 
were purchased from TCI America (Portland, OR). Permeation experiments were performed 
with Rhodamine-WT (R-WT, 20% w/w), purchased from Turner Designs (San Jose, CA), and 
sodium chloride (NaCl, 99%), obtained from EMD Millipore (Darmstadt, Germany). All 
aqueous solutions were prepared using Milli-Q water (18.2 MΩ-cm resistivity).  
6.2.2 PAN Modifications 
PAN ultrafiltration (UF) membranes (PAN-PZ, Synder Filtration, Vacaville, CA) were 
cut from a flat sheet and immersed in water for at least 24 hours prior to use. PAN membranes 
were annealed by soaking in Milli-Q water at 80°C for 10 min. For hydrolysis, membranes were 
immersed in 2M NaOH for 2 - 60 min at 50°C. After annealing or hydrolysis, membranes were 
rinsed under pressure (0.2 MPa) until the water flux stabilized. 
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6.2.3 Active Layer Formation 
Pristine PAN, annealed PAN (APAN), or hydrolyzed PAN (HPAN) supports were used 
in the fabrication of thin-film composite COF membranes. Each PAN support was placed in the 
membrane holder and held in place using a silicon O-ring; both the holder and O-ring match 
those used in the permeation cell described subsequently. An aliquot, 0.5 mL of 5 mM Sc(OTf)3, 
was pipetted onto the area (3.7 cm2) of PAN support encased by the O-ring to completely cover 
the PAN surface. Next, 0.5 mL of a second solution containing 1.56 mM of monomer TAPB and 
2.34 mM of monomer PDA in a solvent mixture of 4:1 dioxane/mesitylene was carefully 
pipetted on top of the aqueous solution. A glass cylinder (inner diameter: 25 mm) was placed on 
top of the O-ring and held in place with a clamp. The open end of the cylinder was covered with 
a glass plate to minimize solvent evaporation. The reaction proceeded for 30 minutes after which 
the aqueous solution and organic solvent mixture were drawn through the porous PAN using a 
syringe and needle inserted into the permeate port of the membrane holder. As a result, the 
polyimine COF film contacted the PAN support. The resulting membrane was rinsed with 
methanol to remove any residual monomers, catalyst, and organic solvents. Finally, each 
membrane was rinsed with water under pressure (0.2 MPa) for 30 minutes before permeation 
tests or being air-dried for physiochemical characterization. 
6.2.4 Physiochemical Characterization 
Rutherford backscattering spectrometry (RBS) analyses were performed with a 2 MeV 
He+ beam generated by a Van de Graaff accelerator (HVE, Burlington, MA). The incident, exit, 
and scattering angles were 22.5°, 52.5°, and 150°, respectively. The commercial simulation 
software (SIMNRA) (Max-Planck-Institut fur Plasmaphysik, Garching, Germany) was used for 
spectra fitting and analyses. 
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Scanning electron microscopy (SEM) was performed with a FEI Quanta 450 FEG 
microscope (FEI, Hillsboro, OR) to obtain high-resolution images of the membranes. Prior to 
analysis, membranes were adhered to an aluminum puck using carbon conductive tape and 
sputter coated with Au/Pd. 
Fourier transform infrared (FTIR) spectra were collected using a Frontier spectrometer 
(Perkin Elmer, Waltham, MA) equipped with a mid-infrared (MIR) source, KBr beam splitter, 
and LiTaO3 detector. Each spectrum represents the average of 50 scans and was collected with a 
spectral resolution of 2 cm-1. A background scan was collected prior to analysis of each sample 
and used for baseline correction. 
6.2.5 Performance Characterization  
Permeation tests were conducted using a dead-end stirred cell (Amicon 8010 series, EMD 
Millipore, Billerica, MA) at room temperature. Feed solutions (2.5 mg/L R-WT or 400 mg/L 
NaCl) were adjusted to pH 6.75 ± 0.05 prior to each experiment. Permeate flow rates were 
measured gravimetrically using a balance, and the data were recorded using data acquisition 
software. Experiments were performed at several hydraulic pressures over the range of 0.01 - 0.5 
MPa.  
R-WT concentrations were measured by fluorescence using a spectrofluorometer (RF-
5301PC, Shimadzu Scientific Instruments Inc., Columbia, MD) with excitation and emission 
wavelengths set at 550 and 580 nm, respectively. NaCl concentrations were measured as Cl- by 
ion chromatography (ICS-2100, Dionex, Sunnyvale, CA). Analyses were performed with 4 mm 
IonPac AS18 analytical and AG18 guard columns, 23mM KOH eluent, 57 mA suppressor 
current, flow rate of 1 mL/min, and a 25 µL sample loop and injection volume. 
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6.3 Results and Discussion 
6.3.1 Solute Rejection by COF Active Layers Prepared on PAN Supports 
Initial rejection tests indicated that COF active layers formed on top of the un-modified 
PAN support resulted in enhanced rejection of R-WT in comparison to the pristine PAN itself. 
However, this modest increase in rejection was not consistent or repeatable as shown in Figure 
6.2a. The formation of multiple COF layers in attempt to provide more even surface coverage 
also did not result in repeatable solute rejection. In addition, the COF membranes fabricated 
using the PAN supports did not provide increased rejection of NaCl in comparison to the PAN 
membrane alone as shown in Figure 6.2b. Aside from the inconsistent rejection results, 
permeation experiments revealed decreases by up to 32 percent in water permeability (Figure 
6.3), though these were less severe in comparison to those reported for PES.16  
In order to determine whether or not the organic solvents used in the IP reaction were 
responsible for changes to the membrane performance, a control experiment was performed. This 
control experiment exposed the PAN support to water and the organic solvents mimicking the 
conditions used for film formation but in the absence of PDA, TAPB, and Sc(OTf)3. As a result, 
the control experiments did not result in COF thin film formation. As shown in Figure 6.3, the 
un-modified PAN underwent slight degradation as a result of contact with the 
dioxane/mesitylene solution as evidenced by the 5.7 percent decrease in water permeability in 
the control sample. Even so, the COF membranes exhibited an additional decrease in water 
permeability, greater than what was observed for the control membranes. This suggests 
additional resistance to water transport by the COF membranes that cannot be explained by 





Figure 6.2. Rejection of a) R-WT by pristine PAN, PAN+polyimine COF, and PAN control 
membranes and b) NaCl by pristine PAN and PAN+polyimine COF membranes. The 3 layer 
COF membrane was prepared by performing the COF IP reaction 3 times sequentially. The 
control PAN membrane was exposed to organic solvents and water under the same conditions 
used for film formation but in the absence of PDA, TAPB, and Sc(OTf)3. 
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Figure 6.3. Water permeability for a) R-WT and b) NaCl experiments. A thicker COF membrane 
with 3 layers was prepared by performing the COF IP reaction 3 times sequentially in attempt to 
provide more even surface coverage. The PAN control membrane was exposed to organic 
solvents and water under the same conditions used for film formation but in the absence of 
monomer reactants and catalyst. 
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6.3.2 Physicochemical Characterization of COF Membranes Prepared Using PAN Supports 
Rutherford backscattering spectrometry (RBS) analyses were performed on pristine PAN, 
PAN+polyimine COF membranes, and PAN control membranes. As shown in Figure 6.4, all 
three spectra revealed the presence of carbon, nitrogen, and oxygen. Modeling of the 
experimental data provided an elemental composition of C0.43H0.435N0.12O0.015. The carbon, 
nitrogen, and hydrogen concentrations were consistent with the expected composition for pure 
PAN, C0.43H0.43N0.14. The RBS spectra also indicated the presence of oxygen in the support 
suggesting that the membrane had been pre-treated by the manufacturer to hydrolyze a small 
percentage of the nitrile groups.  
 
Figure 6.4. RBS characterization of pristine PAN, PAN+polyimine COF, and control 
membranes. The 3 layer COF membrane was prepared by performing the IP reaction 3 times 
successively. The PAN IP control membrane was exposed to water and solvent under conditions 
comparable to the IP reaction. For the Sc(OTf)3 control membranes, the top surface of PAN was 
exposed to 0.5 mL aqueous Sc(OTf)3 with and without a subsequent rinse using methanol. 
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Additionally, the PAN+polyimine COF membranes revealed several distinct features in 
comparison to both pristine PAN and control membranes including peaks corresponding to 
scandium and oxygen. This suggests that residual catalyst, scandium triflate, was trapped within 
the pores of the COF. This was further verified by performing additional control experiments 
consisting of soaking the top surface of the PAN support in Sc(OTf)3 for 30 minutes with and 
without a subsequent rinse using methanol. The control membrane spectra, shown in Figure 6.4, 
did not reveal the sharp scandium and oxygen peaks that were evident in the spectra collected for 
the COF membranes. The PAN membrane exposed to Sc(OTf)3 for 30 minutes without a 
subsequent methanol rinse did reveal plateaus for scandium (~1.45 MeV), sulfur (~1.25 MeV), 
and fluorine (~0.9 MeV). The plateau shape, as opposed to a peak, indicates that the scandium, 
sulfur, and fluorine are distributed throughout the top ~2 µm of the support rather than present as 
a coating on top of the PAN membrane. 
FTIR analyses were performed to gain insight about the chemical functional groups 
present in the pristine PAN, PAN+polyimine COF, and PAN control membranes. As shown in 
Figure 6.5, all of the spectra include an absorbance band at 1622 cm-1, which can be attributed to 
the C=N stretch of imine groups and was a defining feature for the PES+polyimine COF 
membranes.16 Moreover, the spectra for PAN+polyimine COF membranes that resulted in 
enhanced R-WT rejection did not reveal any distinct features in comparison to those that did not 
provide an increase in solute rejection. Finally, in Figure 6.5, the COF membranes prepared with 
1 and 3 COF active layers had greater intensity, although broad, peaks around ~3300 cm-1. 
Absorption in this range is characteristic of O-H stretching of alcohol groups. An increase in the 
number of alcohol functional groups is consistent with the large increases in oxygen content 





Figure 6.5. FTIR spectra for pristine PAN, PAN+polyimine COF thin film, and PAN control 
membranes. The IP reaction was performed 3 times consecutively to obtain 3 layers of the 
polyimine COF on top of the PAN support membrane. Each data set was normalized using the 
peak at 1234 cm-1, which appears to be unaffected by the IP reaction and COF thin film. 
Finally, electron microscopy was used to visualize the surface the surface morphology of 
both pristine PAN and PAN+polyimine COF membranes. As shown in Figure 6.6, there were 
noticeable differences in the surface features. The PAN+polyimine COF membrane appeared to 
have fewer large depressions in comparison to the pristine PAN suggesting that the COF film 
acted to fill these cavities. This is supported by the high magnification images at 80,000x in 
which a cavity appears to be covered by the COF film. Despite this, the SEM images suggest that 
the COF film may not have completely covered the large PAN pores, and/or adhesion between 
the PAN and polyimine COF film may have contributed to the inconsistent permeation results. 
The relatively large pore size of PAN in comparison to PES is consistent with the difference in 
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solubility between PAN and PES. The lower solubility of PAN leads to greater chemical 
resistance but larger pore sizes due to the relatively low polymer concentrations used in the 
phase inversion casting solutions.  
 
Figure 6.6. Top view SEM images of pristine PAN membranes (left column) and 
PAN+polyimine COF membranes (right column) at magnifications of 10,000x (top row) and 
80,000x (bottom row). 
6.3.3 COF Membranes Prepared Using Annealed PAN Supports 
In order to address the issue of pore size of the PAN support, a heat annealing treatment 
was implemented. As previously mentioned, heat treatment has been shown to decrease PAN 
membrane pore size.24 As a result, PAN membrane supports were pre-treated by immersion in a 
water bath at 80°C for 10 minutes to produce annealed PAN (APAN). Figure 6.7 indicates a 
pronounced increase in R-WT rejection that is coupled with a decrease in water permeability for 
the APAN membranes without a COF film. Together, these results are consistent with a 
reduction in pore size. Unfortunately, performing the IP reaction on this APAN membrane did 
not result in any additional increase in solute rejection as shown in Figure 6.7. 
 






Figure 6.7. a) R-WT rejection and b) corresponding water permeability for pristine PAN, 
annealed PAN (APAN), and APAN+polyimine COF membranes.  
6.3.4 COF Membranes Prepared Using Hydrolyzed PAN Supports 
In addition to heat treatment, alkaline hydrolysis of PAN membranes is a common pre-
treatment method used to tune the PAN chemistry and morphology prior to use as a support 
material. Alkaline hydrolysis has been shown to decrease the PAN pore size, and the carboxylate 
groups formed during the hydrolysis process can be exploited to increase adhesion between the 
PAN support and active layer.25,26,33-35 Accordingly, PAN membranes were exposed to 2M 
NaOH for times ranging from 2 - 60 minutes. The HPAN supports were used as a substrate for 
the IP reaction similar to the PAN and APAN supports. Each membrane was evaluated for R-WT 
rejection at a pressure of 0.12 MPa, and the results are shown in Figure 6.8. R-WT rejection 
decreased after short exposure times (<10 minutes) and then increased after exposure periods 
longer than 10 minutes. The trend in solute rejection corresponded to an initial increase in water 
flux followed by a decrease as the hydrolysis time increased. This is consistent with literature 
that reports swelling of the PAN, coupled with an increase in water flux, after low hydrolysis 
times but a compaction of the polymer chains after longer hydrolysis times. Regardless, none of 
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the HPAN+polyimine COF membranes outperformed the PAN+polyimine COF membrane in 
terms of solute rejection in this range of hydrolysis conditions and at this hydraulic pressure.   
 
Figure 6.8. a) R-WT rejection and b) corresponding water flux for the COF membranes prepared 
using hydrolyzed PAN (HPAN) supports. For comparison, the PAN control membrane is also 
shown although this membrane does not contain a COF film. All experiments were performed 
with an applied pressure of 0.12 MPa. 
6.4 Implications 
PAN UF membranes were investigated as a more compatible support material in 
comparison to the PES membranes, which suffer severe degradation as a result of exposure to the 
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aggressive solvents used in the IP reaction. Using PAN as a support for the polyimine COF film 
resulted in inconsistent and non-repeatable solute rejection. RBS analyses indicated a 
pronounced increase in oxygen content for the COF membranes in comparison to the pristine 
PAN support membrane. This was coupled with a scandium peak, which suggests that residual 
catalyst was trapped in the pores of the COF film. Additionally, FTIR analyses indicated an 
increase in hydroxyl functional groups. In order to address the inconsistencies and potential 
uneven film coverage revealed by SEM, PAN membranes were pre-treated prior to the IP 
reaction by heat treatment with or without the additional use of a strong base, NaOH. Neither 
annealing nor alkaline hydrolysis pre-treatment produced PAN supports useful for the COF TFC 
membranes. The scope of this study limited additional investigation into a solvent compatible 
support material. However, it should be noted that this solvent-support compatibility 
fundamentally limits the utility of the COF membranes due to the significant decreases in water 
permeability that are not associated with changes in rejection. Implementation of a solvent-
resistant support material could result in enhanced solute rejection and avoid morphological 
changes to the PES support that correspond to decreased water permeability. 
6.5 References 
6.1. Côté, A. P.; Benin, A. I.; Ockwig, N. W.; O’Keeffe, M.; Matzger, A. J.; Yaghi, O. M., 
Porous, Crystalline, Covalent Organic Frameworks. Science 2005, 310, (5751), 1166-1170. 
6.2. Lanni, L. M.; Tilford, R. W.; Bharathy, M.; Lavigne, J. J., Enhanced Hydrolytic Stability 
of Self-Assembling Alkylated Two-Dimensional Covalent Organic Frameworks. J. Am. 
Chem. Soc. 2011, 133, (35), 13975-13983. 
6.3. Ding, S. Y.; Wang, W., Covalent Organic Frameworks (Cofs): From Design to 
Applications. Chem. Soc. Rev. 2013, 42, (2), 548-568. 
6.4. Segura, J. L.; Mancheno, M. J.; Zamora, F., Covalent Organic Frameworks Based on 
Schiff-Base Chemistry: Synthesis, Properties and Potential Applications. Chem. Soc. Rev. 
2016, 45, (20), 5635-5671. 
97 
 
6.5. Werber, J. R.; Osuji, C. O.; Elimelech, M., Materials for Next-Generation Desalination and 
Water Purification Membranes. Nat. Rev. Mater. 2016, 1, (5), 16018. 
6.6. Petersen, R. J., Composite Reverse Osmosis and Nanofiltration Membranes. J. Membr. Sci. 
1993, 83, (1), 81-150. 
6.7. Lee, K. P.; Arnot, T. C.; Mattia, D., A Review of Reverse Osmosis Membrane Materials 
for Desalination—Development to Date and Future Potential. J. Membr. Sci. 2011, 370, (1-
2), 1-22. 
6.8. Baker, R. W., Membrane Technology and Applications. 2nd ed.; John Wiley & Sons, Ltd: 
2004. 
6.9. Park, H. B.; Kamcev, J.; Robeson, L. M.; Elimelech, M.; Freeman, B. D., Maximizing the 
Right Stuff: The Trade-Off between Membrane Permeability and Selectivity. Science 2017, 
356. 
6.10. Feng, X.; Ding, X.; Jiang, D., Covalent Organic Frameworks. Chem. Soc. Rev. 2012, 41, 
(18), 6010-6022. 
6.11. Huang, N.; Wang, P.; Jiang, D., Covalent Organic Frameworks: A Materials Platform for 
Structural and Functional Designs. Nat. Rev. Mater. 2016, 1, 16068. 
6.12. Waller, P. J.; Gándara, F.; Yaghi, O. M., Chemistry of Covalent Organic Frameworks. Acc. 
Chem. Res. 2015, 48, (12), 3053-3063. 
6.13. Matsumoto, M.; Valentino, L.; Stiel, G. M.; Balch, H. B.; Corcos, A. R.; Wang, F.; Ralph, 
D. C.; Marinas, B. J.; Dichtel, W. R., Large-Area Interfacial Polymerization of Covalent 
Organic Framework Films and Their Integration into Nanofiltration Membranes. Chem 
2017, submitted for publication. 
6.14. Uribe-Romo, F. J.; Hunt, J. R.; Furukawa, H.; Klöck, C.; O’Keeffe, M.; Yaghi, O. M., A 
Crystalline Imine-Linked 3-D Porous Covalent Organic Framework. J. Am. Chem. Soc. 
2009, 131, (13), 4570-4571. 
6.15. Smith, B. J.; Overholts, A. C.; Hwang, N.; Dichtel, W. R., Insight into the Crystallization 
of Amorphous Imine-Linked Polymer Networks to 2d Covalent Organic Frameworks. 
Chem. Commun. 2016, 52, (18), 3690-3693. 
6.16. Valentino, L.; Matsumoto, M.; Dichtel, W. R.; Mariñas, B. J., Development and 
Performance Characterization of Polyimine Covalent Organic Framework Thin-Film 
Composite Nanofiltration Membrane. Environ. Sci. Technol. 2017. 
6.17. van de Witte, P.; Dijkstra, P. J.; van den Berg, J. W. A.; Feijen, J., Phase Separation 
Processes in Polymer Solutions in Relation to Membrane Formation. J. Membr. Sci. 1996, 
117, (1), 1-31. 
98 
 
6.18. Young, T.-H.; Chen, L.-W., Pore Formation Mechanism of Membranes from Phase 
Inversion Process. Desalination 1995, 103, (3), 233-247. 
6.19. Scharnagl, N.; Buschatz, H., Polyacrylonitrile (Pan) Membranes for Ultra- and 
Microfiltration. Desalination 2001, 139, (1), 191-198. 
6.20. SynderFiltration, Polymeric Membranes. 2017. 
6.21. Salahi, A.; Mohammadi, T.; Behbahani, R. M.; Hemati, M., Pes and Pes/Pan Blend 
Ultrafiltration Hollow Fiber Membranes for Oily Wastewater Treatment: Preparation, 
Experimental Investigation, Fouling, and Modeling. Adv. Polym. Technol. 2015, 34, (3). 
6.22. Marchetti, P.; Mechelhoff, M.; Livingston, A. G., Tunable-Porosity Membranes from 
Discrete Nanoparticles. 2015, 5, 17353. 
6.23. Bryjak, M.; Hodge, H.; Dach, B., Modification of Porous Polyacrylonitrile Membrane. 
Angew. Makromol. Chem. 1998, 260, (1), 25-29. 
6.24. Kim, I.-C.; Yun, H.-G.; Lee, K.-H., Preparation of Asymmetric Polyacrylonitrile 
Membrane with Small Pore Size by Phase Inversion and Post-Treatment Process. J. 
Membr. Sci. 2002, 199, (1), 75-84. 
6.25. Oh, N.-W.; Jegal, J.; Lee, K.-H., Preparation and Characterization of Nanofiltration 
Composite Membranes Using Polyacrylonitrile (Pan). Ii. Preparation and Characterization 
of Polyamide Composite Membranes. J. Appl. Polym. Sci. 2001, 80, (14), 2729-2736. 
6.26. Oh, N.-W.; Jegal, J.; Lee, K.-H., Preparation and Characterization of Nanofiltration 
Composite Membranes Using Polyacrylonitrile (Pan). I. Preparation and Modification of 
Pan Supports. J. Appl. Polym. Sci. 2001, 80, (10), 1854-1862. 
6.27. Zhang, G.; Meng, H.; Ji, S., Hydrolysis Differences of Polyacrylonitrile Support 
Membrane and Its Influences on Polyacrylonitrile-Based Membrane Performance. 
Desalination 2009, 242, (1), 313-324. 
6.28. Litmanovich, A. D.; Platé, N. A., Alkaline Hydrolysis of Polyacrylonitrile. On the Reaction 
Mechanism. Macromol. Chem. Phys. 2000, 201, (16), 2176-2180. 
6.29. Romanova, E. P.; Rumynskaya, I. G.; Agranova, S. A.; Ya. Frenkel, S., Structural 
Transitions in Poly(Acrylonitrile) in Alkaline Hydrolysis – Spectroscopic Data. Acta 
Polym. 1989, 40, (10), 639-642. 
6.30. Choi, W.; Gu, J.-E.; Park, S.-H.; Kim, S.; Bang, J.; Baek, K.-Y.; Park, B.; Lee, J. S.; Chan, 
E. P.; Lee, J.-H., Tailor-Made Polyamide Membranes for Water Desalination. ACS Nano 
2015, 9, (1), 345-355. 
6.31. Zhu, J.; Qin, L.; Uliana, A.; Hou, J.; Wang, J.; Zhang, Y.; Li, X.; Yuan, S.; Li, J.; Tian, M.; 
Lin, J.; Van der Bruggen, B., Elevated Performance of Thin Film Nanocomposite 
99 
 
Membranes Enabled by Modified Hydrophilic Mofs for Nanofiltration. ACS Appl. Mater. 
Interfaces 2017, 9, (2), 1975-1986. 
6.32. Feng, C.; Xu, J.; Li, M.; Tang, Y.; Gao, C., Studies on a Novel Nanofiltration Membrane 
Prepared by Cross-Linking of Polyethyleneimine on Polyacrylonitrile Substrate. J. Membr. 
Sci. 2014, 451, 103-110. 
6.33. Park, S.-J.; Choi, W.; Nam, S.-E.; Hong, S.; Lee, J. S.; Lee, J.-H., Fabrication of Polyamide 
Thin Film Composite Reverse Osmosis Membranes Via Support-Free Interfacial 
Polymerization. J. Membr. Sci. 2017, 526, 52-59. 
6.34. Hu, M.; Mi, B., Layer-by-Layer Assembly of Graphene Oxide Membranes Via 
Electrostatic Interaction. J. Membr. Sci. 2014, 469, 80-87. 
6.35. Hu, M.; Zheng, S.; Mi, B., Organic Fouling of Graphene Oxide Membranes and Its 
Implications for Membrane Fouling Control in Engineered Osmosis. Environ. Sci. Technol. 





CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
7.1 Summary of Research 
The overall research objective of this work was to incorporate novel two-dimensional 
porous polymers into thin-film composite (TFC) membranes in order to overcome the current 
challenges associated with nanofiltration (NF) and reverse osmosis (RO) membranes. 
Consequently, two-dimensional (2D) polyimine covalent organic framework (COF) active layers 
were fabricated using innovative interfacial polymerization (IP) methods. Initially, the TFC 
membranes were developed using polyethersulfone (PES) ultrafiltration (UF) membranes as a 
supporting layer. These preliminary results were the first successful demonstration of a COF 
TFC membrane but also identified the need for smaller pores in the active layer and the need for 
solvent resistant support materials. Consequently, the modular nature of COFs was utilized to 
decrease the active layer pore size by nearly half without radical alteration of the active layer 
chemistry. In addition, polyacrylonitrile (PAN) UF membranes were investigated as a potential 
solvent-resistant support material.  Overall, this work represents a new paradigm for NF/RO 
membrane design in which the membrane properties can be pre-determined and highly 
controllable. 
 
There were several major outcomes of this research:  
1. An IP reaction, originally reported by Matsumoto et al. 2017,1 was adapted to form free-
standing COF thin films. The film formation was confirmed by transmission electron 
microscopy (TEM), which showed that the films were easily transferred to arbitrary 
substrates and retained their integrity during the transfer process. This IP reaction was 
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used to fabricate TFC NF membranes with polyimine COF active layers on top of PES 
supports. Rutherford backscattering spectrometry (RBS) and Fourier transform infrared 
(FTIR) spectroscopy analyses confirmed the consistent and repeatable formation of an 
imine-linked film with a thickness of ~10 nm. The COF membranes exhibited high 
rejection of Rhodamine-WT, a compound representative of micro-pollutants in water, and 
NaCl, a background electrolyte, in comparison to the PES support without the COF film. 
 
2. Thicker COF membranes, initially prepared to overcome the sensitivity limitations of 
certain analytical techniques, revealed several notable features. Cross-sectional TEM 
images of the COF membranes showed a distinct increase in thickness as the number of 
IP iterations increased in comparison pristine PES. In addition, the COF films appeared 
to be exceptionally smooth and contoured the underlying PES support. The increase in 
thickness was confirmed by RBS (measured thickness up to ~50 nm) and allowed 
determination of the active layer composition, which matched well with that expected for 
the COF, C0.57H0.38N0.05. FTIR analyses indicated intensification of the absorbance band 
1622 cm–1 corresponding to the imine C=N stretch. 
 
 
3. A two-film rejection model was developed based on the one-film solution diffusion 
model with imperfections.2,3 This two-film rejection model allowed for determination of 
the intrinsic COF transport parameters, aCOF and BCOF, as opposed to those for the 
composite membrane. This model was applied to the membranes with ultrathin (~10 nm) 
COF active layers and validated by predicting BCOF for a thicker active layer. The 
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predicted values agreed relatively well with the experimental data obtained for a thicker 
(~17 nm) COF active layer. 
 
 
4. The scope of organic solutes used to characterize COF TFC membranes was expanded to 
include Alexa Fluor 488 (AF-488), which has a similar core structure to R-WT but is 
slightly larger in size. All membranes exhibited rejection behavior that suggested possible 
solute deformation, which manifested as a changing solute permeation coefficient, B. 
Regardless of the transport model, the COF membranes outperformed both the PES UF 
membranes and the commercially available NF-270 membrane. The results demonstrated 
that it is possible to achieve exceptional rejection of AF-488, and the surface topology 
may be a key factor influencing the overall membrane performance.  
 
 
5. The pore size of the COF active layers was decreased by capitalizing on the universal 
nature of the IP reaction conditions. Exchanging the dialdehyde monomer with a 
stoichiometric amount of trialdehyde monomer should produce a hexagonal array of 
pores approximately 1.8 nm, nearly half of the initial COF membranes. FTIR confirmed 
the presence of the imine functionality; yet, the decreased pore size did not drastically 
increase the solute rejection. Despite the decrease, the nanometer-size pores are still 
relatively large in comparison to the sizes of R-WT and NaCl, and the chemical 
composition is not significantly altered in comparison to the previous work suggesting 
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that incremental decreases in pore size and/or functionalization of the inner pore walls are 
necessary to achieve high performing NF/RO membranes. 
 
 
6. PAN UF membranes were investigated as a chemically resistant support material in 
comparison to the PES membranes, which suffer severe from degradation by the organic 
solvents used in the IP reaction. Using PAN as a support for the polyimine COF film 
resulted in inconsistent solute rejection. In order to address the inconsistencies and 
potential uneven film coverage revealed by SEM analyses, PAN membranes were pre-
treated by annealing (heat) or alkaline hydrolysis (heat + NaOH). Neither annealing nor 
alkaline hydrolysis prior to the IP reaction resulted in enhanced rejection of R-WT in 
comparison to the corresponding annealed or hydrolyzed PAN supports without the COF 
film. However, the scope of this study limited additional investigation into a solvent 
compatible support material.  
 
7.2 Implications 
This work addressed a notable challenge in regard to commercial NF/RO membranes, the 
properties of which cannot be designed or controlled at the molecular level. COFs are 
constructed using highly flexible molecular design principles and result in the formation 
permanently porous, crystalline polymer networks. Although these initial membranes were not 
optimal in terms of water permeability and solute rejection, the 2D nature has the potential to 
provide the ideal combination of high selectivity for solutes and high water permeability. 
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Through design, synthesis, and characterization, this project contributed fundamental knowledge 
towards COF membranes. 
7.3 Recommendations for Future Work 
7.3.1 Solvent-Resistant Support Materials 
This work identified several challenges that must be overcome in order to reproducibly 
fabricate high-performing COF membranes. The most notable limitation of the first generation of 
COF membranes was the incompatibility between the PES membrane supports and the organic 
solvents used in the IP reaction. This solvent-support compatibility fundamentally limited the 
utility of the COF membranes due to the significant loss in water permeability. Implementation 
of a solvent-resistant support material could result in enhanced solute rejection and avoid 
morphological changes to the PES support that correspond to decreased water permeability. 
PAN UF membranes were explored as a chemically resistant and commercially available 
support material, but its use as a support material resulted in inconsistent and non-reproducible 
solute rejection. This could be attributed to different surface properties (e.g. wettability and 
charge) of the PAN influencing the IP interface. Matsumoto et al. 20171 observed that the 
smoothness of the interface can affect the morphology of the resulting film, but addressing this 
challenge will require more in-depth studies to relate the IP conditions and specific membrane 
attributes to performance capabilities. 
Aside from PAN, it would be possible to develop solvent resistance support materials in 
collaboration with other academic research groups. In particular, the Livingston group at 
Imperial College London has expertise in fabricating membranes for separations in solvent 
systems including membranes for applications involving aggressive solvents and under acidic 
and basic conditions.4 Several alternative candidate support materials have already been 
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identified and examined for solvent resistance. Table 7.1 indicates that several of these materials 
showed little to no degradation after exposure to the dioxane/mesitylene mixture used for the IP 
reaction and could be explored as candidate support materials in more depth. 
Table 7.1. Preliminary results obtained with several support layers prepared by the Livingston-
ICL team proposal and tested for pure water permeability at UIUC after exposure to a 
dioxane/mesitylene solvent mixture. 
 Water permeability (L·h
-1·m-2·bar-1) 
 Sample 1 Sample 2 
 pristine 








XPEI 141 152 7.8 212 232 9.3 
PEEK 1.9 101 5170 1.2 2.4 106 
XPBI 117-DBX 15.4 15.9 3.4 14.6 15.1 3.9 
XPBI 122-DBX 4.9 5.1 3.6 5.1 4.6 -10.4 
PAN-MA15 76.0 76.0 0.0 51.3 49.2 -4.1 
PAN-MA20 143 118 -17.6 157 140 -11.1 
PAN-MA25 281 276 -1.9 271 276 1.5 
PES 60.2 ∞ NA 67.4 ∞ NA 
XPEI: crosslinked polyetherimide; PEEK: polyetheretherketone; XPBI117-DBX and XPBI122-
DBX: crosslinked polybenzimidazole made from 17 wt.% and 22 wt.% polymer dissolved in 
DMAc, respectively; PAN-MA15. PAN-MA20 and PAN-MA25: polyacrylonitrile support with 
pore size 15nm, 20nm and 25nm, respectively; PES: polyethersulfone. 
 
7.3.2 Improvement of COF-Substrate Adhesion  
Another possible explanation for the inconsistencies observed with the commercial PAN 
supports could be that the COF thin films were not strongly adhered to the underlying support 
membranes. This study investigated several modifications, including annealing and hydrolysis, 
of the PAN surface. These transformations should have formed carboxylate groups that have 
been exploited as ionic bonding sites for increased adhesion between the support and various 
active layers.5-9 Neither annealing nor hydrolysis were effective solutions for improving the 
PAN-COF membranes. This could be a result of forming the active layer as a free-standing film 
as opposed to within the support layer pores and suggests that more robust adhesion strategies 
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are necessary. However, it should be noted that different modification strategies may be required 
for the different support materials. 
7.3.3 Evaluation of Physicochemical Robustness of COF Membranes 
In addition to physicochemical and performance characterization of the COF membranes, 
it is important to anticipate and address the potential for membrane fouling, which is a major 
operational challenge for membrane processes. Previous research has correlated fouling 
propensity with surface roughness, which is measurable using AFM. Literature has also shown 
that hydrophilic surfaces are less prone to fouling. Therefore, contact angle measurements, which 
indicate the level of hydrophilicity/hydrophobicity, are critical for the development of a practical 
membrane material.10 In addition to the detrimental effects of fouling, fouling control strategies, 
including the application of disinfectants to control biofouling, are known to result in 
deterioration of the membrane polymers. Incorporation of halogens into the polyamide (PA) 
structure, chain scission, and functional group transformations all coincide with degradation of 
the membrane performance.11-22 The structural degradation incurred by oxidants and the 
corresponding changes in membrane performance must be evaluated and considered in 
development of any novel membrane material including COFs. 
7.3.4 Enhancing the Stability of Imine-Linked COF Films  
The integrity of commercially available PA membranes can be compromised due to 
oxidative damage that occurs through several degradation pathways: 1) hydrolysis of the amide 
linkages resulting in carboxylic and amine groups, 2) N-chlorination of amide and subsequent 
rearrangement to ring halogenation, and 3) direct halogenation of the aromatic rings.11,13-15 While 
imine-linked COFs have demonstrated stability in acidic and basic solutions,23,24  they are not 
expected to be able to withstand oxidation indefinitely. Even in water, the performance of the 
107 
 
COF membranes deteriorated after several months of storage in water; this could indicate 
hydrolysis. New linkage chemistries should be explored to increase the long-term stability of the 
COF TFC membranes.  
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SYNTHESIS AND CHARACTERIZATION OF A POLYIMIDE COF FOR 
IMPLEMENTATION AS A HYBRID MEMBRANE MATERIAL 
A.1 Objectives 
 The overall objective of this work was to investigate an alternative membrane material 
that is chemically, thermally, and mechanically robust, so as to overcome the common 
challenges encountered with commercial thin-film composite membranes. In addition to 
chemical, thermal, and mechanical stability, the material must exhibit high water flux and solute 
rejection with the ultimate goal of achieving better performance compared to that by commercial 
nanofiltration or reverse osmosis membranes. More specifically, the potential to incorporate 
covalent organic frameworks, which are porous, ordered, and modular structures, into the 
membrane active layer was explored. 
In order to address this overall objective, several sub-objectives were outlined as follows. 
The initial goal was solvothermal synthesis and characterization of a polyimide-based covalent 
organic framework. Moreover, the objective was to incorporate a covalent organic framework in 
powder form into a commercial ultrafiltration support to demonstrate its separation capabilities. 
The synthesis, characterization, and incorporation of a covalent organic framework is discussed 
in the following section.  
A.2 Materials and Methods 
A.2.1 Reagents 
Pyromellitic dianhydride (PMDA), 97%; anhydrous N-Methyl-2-pyrrolidinone (NMP), 
99.5%; mesitylene, 99.8%; isoquinoline, 97.5%; and anhydrous tetrahydrofuran (THF), 99.9% 
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were purchased from Sigma Aldrich (St. Louis, MO). Tris(4-aminophenyl)amine (TAPA), 97% 
was purchased from Alfa Aesar (Ward Hill, MA). All reagents were used without additional 
purification. 
A.2.2 Polyimide COF Synthesis 
A polyimide based covalent organic framework (PI-COF) was prepared according to 
Fang et al. 2014.1 A constricted borosilicate tube (ID=8 mm, OD=10 mm) was filled with 32.7 
mg PMDA (0.15 mmol) and 29.0 mg TAPA (0.10 mmol). Next, a mixed solution of 0.5 mL 
NMP, 0.5 mL mesitylene, and 0.05 mL isoquinoline was added to the glass tube. The tube was 
connected to a Schlenk line and frozen in liquid nitrogen for 5 minutes after which it was 
evacuated to an internal pressure of 150 mtorr as measured by a vacuum gauge (Model 1525B-
01, Welch-Ilmvac, Niles, IL). After evacuation, the mixture was thawed for 20 minutes under a 
flow of ultra-high purity N2 gas. The tube was frozen and evacuated once more before being 
flame sealed at the constriction to afford a final tube length of approximately 13 cm. The sealed 
tube was allowed to warm to room temperature for 10 minutes and was placed in a convection 
oven (Model 51028124H, Thermo Scientific, Waltham, MA) at 200°C. After 5 days of heating 
the glass tube was removed from the oven and allowed to cool to room temperature for 20 
minutes. The glass was scored, and the contents were removed and washed via vacuum filtration 
over a medium porosity fritted glass funnel using 20 mL anhydrous THF. The resultant solid was 
transferred from the glass frit and immersed in 20 mL anhydrous THF in a glass vial. Over an 
activation period of 8 hours, the THF was decanted and replenished with fresh solvent 4 times. 
After 8 hours and decanting the excess THF, the solid was dried in three steps: at 80°C and 600 
torr for 5 minutes followed by 30 minutes at 80°C and ~7 torr and finally at 80°C and 10 mtorr 
for 38 hours. 
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A.2.3 Physicochemical Characterization 
A FEI Quanta 450 FEG microscope (FEI, Hillsboro, OR) was used to obtain high-
resolution images of the covalent organic framework in powder form as well as the surface 
topology of pristine and modified membranes. Prior to analysis, air-dried membranes and the 
powder COF were sputter coated for 60 seconds with Au/Pd in a Denton Desk II TSC turbo-
pumped sputter coater (Denton Vacuum, Moorestown, NJ). The samples were adhered to an 
aluminum puck using carbon conductive tape. An accelerating voltage of 5.0 kV, spot size of 
3.0, and working distance of ~10 mm were used during the imaging process. 
FTIR spectra were collected using a Frontier spectrometer (Perkin Elmer, Waltham, MA) 
equipped with a mid-infrared (MIR) source, KBr beam splitter, and LiTaO3 detector. Spectra 
were collected with a spectral resolution of 2 cm-1, and a total of 50 scans were acquired per 
sample. A background scan was collected prior to analysis of each sample and was used for 
baseline correction. 
Carbon, hydrogen, and nitrogen content of the polyimide COF samples were determined 
using a CHN Analyzer (Model CE 440 Exeter Analytical, Inc., North Chelmsford, MA). The 
general procedure entails weighing 1-2 mg of sample in a consumable container, which is then 
introduced into a high temperature furnace and combusted. The resulting combustion products 
pass through oxidation reagents to produce carbon dioxide, water, nitrogen, and nitrogen oxides 
and then over copper to reduce residual oxygen and the nitrogen oxides to elemental nitrogen. 
Finally, the gas mixture travels through water and carbon dioxide traps, and the difference in 
conductivity before and after each trap is proportional to the hydrogen and carbon contents, 
respectively, in the original sample. Nitrogen is measured against a helium reference, and if the 
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sample contains only carbon, hydrogen, nitrogen, and oxygen, the oxygen content can be 
determined as %O=100-%C-%H-%N. 
Solid-state 13C cross-polarization magic-angle-spinning NMR spectra were recorded on a 
Varian Unity Inova 300 MHz spectrometer. The COF powder was packed in a 4 mm 
Chemagnetics HX APEX probe and spun at 10 kHz. A contact time of 2 ms was used for 
magnetization transfer from 1H to 13C nuclei.  
Wide Angle X-ray Scattering (WAXS) measurements were performed using a 
WAXS/SAXS Forvis system (Forvis Technolgoies, Inc., Santa Barbara, Ca) with a Cu K-α X-
ray radiation (wavelength: 0.15418 nm) and an aerial detector (Pilatus 300K, DECTRIS Ltd., 
Baden, Switzerland). The sample to detector distance was calibrated prior to each set of 
measurements using the second order diffraction peak of silver behenate, AgC22H43O. A blank 
scan, where the X-ray source was passed through an empty slot in the sample holder, was also 
collected for each set of measurements in order to establish a baseline. The X-ray transmission 
patters were processed using Fit2D2 (European Synchrotron Radiation Facility, Grenoble, 
France). Intensity measurements were corrected using the X-ray transmission (measured 
intensity after passing through sample divided by the full beam intensity), and the baseline was 
subtracted. Peak positions and widths were determined by fitting the peaks using a Lorentzian 
function in Origin Pro (OriginLab Corporation, Northampton, MA).  
A.2.4 Permeation Experiments 
COF depositions via percolation and permeation experiments were performed using a 
dead-end stirred cell (Amicon model 8010, EMD Millipore, Billerica, MA). Permeate flow rates 
were measured gravimetrically using a balance (AZ612, Sartorius CO., Bohemia, NY), and the 
data was recorded using data acquisition software (WinWedge Standard 3, TAL Technologies, 
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Inc. Philadelphia, PA). Water flux was measured at several hydraulic pressures over the range of 
0.1 - 0.5 MPa for both pristine and modified membranes. All experiments were performed at 
room temperature.  
A.2.5 COF-PES Hybrid Membrane Fabrication 
The commercially available polyethersulfone (PES) ultrafiltration (UF) membrane 
(Model HFK-328, Koch Membrane Systems, Wilmington, MA) was used as support material for 
COF deposition. This UF membrane consists of a semi-permeable PES layer on top of a 
polyester backing material and has a molecular weight cutoff range of 5,000 Daltons. Circular 
coupons of the PES UF membrane with an area of 4.1 cm2 were installed into the dead-end 
filtration cell. A suspension of the polyimide-based covalent organic framework was percolated 
though the PES membrane at an applied pressure of 0.1 MPa. The mass of COF deposited on the 
support varied from 2.5 - 10.0 µg corresponding to mass loadings of 0.6 - 2.4 µg/cm2, 
respectively.  
A.3 Results and Discussion 
A.3.1 Physicochemical Characterization 
The condensation of the TAPA and PMDA yields an imide product and the elimination 
of one water molecule as shown in the top scheme of Figure A.1 and ultimately forms the 
polyimide COF polymer shown at the bottom of Figure A.1. The resultant polymer repeating unit 
is C66H30N8O12. Figure A.2 shows SEM micrographs of the  polyimide COF powder at 






Figure A.1. Reaction between a pyromellitic dianhydride (PMDA) and tris(4-






















































Figure A.2. SEM images of  the polyimide COF at a) 2,500x magnification and (b) 10,000x 
magnification. 
Theoretical and experimental elemental concentrations based on weight percent are 
presented in Table A.1. As shown, there is a discrepancy between the theoretical and 
experimental weight percentages when the theoretical calculation is based on the polymer 
repeating unit of C66H30N8O12. However, the experimental concentrations are in excellent 
agreement with the formula C66H30N8O12×3(H2O) indicating that water was adsorbed by the COF 
despite the extensive drying and storage in a vacuum desiccator. 
Table A.1. Elemental concentrations on a weight basis obtained experimentally and calculated 
using the theoretical unhydrated and trihydrated PI-COF repeating unit. 
Element Calculated (%) Found 
(%) C66H30N8O12 C66H30N8O12×3(H2O) 
C 70.34 67.12 67.45 
H 2.68 3.07 2.90 
N 9.94 9.49 9.36 
O 17.04 20.32 20.31 
 
FTIR absorbance spectra for PI-COF as well as both reagents, PMDA and TAPA, are 




in the primary amine region of the spectrum (3300-3500 cm-1), supporting the occurrence of the 
reaction. 
Moreover, the spectrum for the COF exhibits a peak at 1,370 cm-1, and this is attributed 
to the C-N stretch of the imide groups. Additionally, the COF absorbed IR at 1,776 and 1,718 
cm-1, which correspond to the symmetric and asymmetric vibrations, respectively, of the 
carbonyl groups of the imide rings. Finally, the peak at 724 cm-1 is attributed to deformation of 
the carbonyl imide groups3. These four IR absorption bands at approximately 1780, 1720, 1380, 
and 720 cm-1 are generally accepted as characteristic of imide rings indicating that polyimide 














Figure A.3. FTIR absorbance of tris(4-aminophenyl)amine (TAPA) and pyromellitic dianhydride 

























NMR spectra were processed by MestReNova software with zero-filling to 2048 data 
points (original spectrum size=512 points) and 24.8 Hz exponential line broadening (natural line 
width=124.2 Hz). Figure A.4 shows the resultant NMR spectra for the polyimide COF. The 
peaks in the region 120-150 are assigned to aromatic carbon atoms, while the peak at ~165 ppm 
is representative of the carbonyl carbon of the imide moiety. According to Fang et al. 2014,1 the 
lack of a peak at around 176 ppm, corresponding to the carbonyl of the amic acid group, suggests 
that imide ring-closing reaction was complete. Additionally, the lack of peaks around ~26 and 
~69 ppm confirmed that all residual tetrahydrofuran was removed from the COF structure. 
 
 









Raw x-ray diffraction data were corrected for differences in x-ray transmission between 
the empty sample holder and sample. The x-ray diffraction pattern, including subtraction of the 
sample holder background, for the polyimide COF is shown in Figure A.5. The data were fit 
using a Lorentzian distribution to determine peak centers at 3.27, 5.36, 6.59, and 8.26°, and the 
peak at 11.0° was identified manually due to its lower intensity. These peak positions agree 
relatively well with what was published by Fang et al. 2014 and correspond to the (110), (200), 




Figure A.5. X-ray diffraction pattern for the polyimide COF including background subtraction 
shown on a linear scale. The inset shows the data on a logarithmic scale. The diffraction peak 
positions are 3.27, 5.36, 6.59, 8.26, and 11.0°. 
Using the orthorhombic crystalline structure and the aforementioned lattice planes, 
Bragg’s Law was used to calculate the lattice cell parameters, which are shown relative to the 
polyimide COF structure in Figure A.6. The lattice constant a = 32.9 Å agrees closely with the 



























lower than the previously reported value (b = 57.0 Å)1. This discrepancy may be due to 
differences in the pattern fitting and additional energy minimization calculations performed in 
the previous study. Based on these lattice cell parameters, the density of the unit cell was 




Figure A.6. Crystal lattice parameters for the polyimide COF calculated based on an 
orthorhombic unit cell. 
Finally, the Scherrer equation was used to approximate the crystallite size to be ~10 nm. 
For this calculation, the Scherrer constant K = 1, and the peak broadening was determined using 










































Table A.2. XRD peak positions, peak widths, corresponding planes, and approximate crystallite 









3.27 0.67 110 13.2 
5.36 1.24 200 7.1 
6.59 1.18 220 7.5 
8.26 1.50 310 5.9 
11.0 NA 400 -- 
 
 
The aforementioned characterization of the polyimide COF agrees reasonably well with 
previously published elemental analysis, FTIR, NMR, and XRD results although some small 
discrepancies remain. In addition to characterizing the molecular formula and structure using 
these methods, assessing the surface area and porosimetry via N2 adsorption/desorption tests 
could provide a more holistic understanding of the material properties. Determining the pore size 
distribution is critical to understand and predict solute rejection. Physisorption experiments may 
also provide insight into how the synthesis can be further improved so as to address the minor 
discrepancies with literature results.  
A.3.2 Permeation Experiments 
The pure water flux of the HFK-328 PES membrane is plotted as a function of 
transmembrane pressure (Δp-Δπ) in Figure A.7. Given that pure water does not exert osmotic 
pressure, Δπ = 0. As a result, the transmembrane pressure is simplified to the applied pressure. 
As expected, the water flux increases with increasing applied pressure, and the slope of the linear 
function corresponds to the pure water permeability coefficient A. For a pristine membrane, the 
pure water permeability coefficient was 9.8 m/(d×MPa), which falls within the range of 
performance specifications provided by the manufacturer (5.8-12.7 m/(d×MPa)). 
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Figure A.7 also shows the pure water permeability after percolation of varying amounts 
of polyimide COF. The mass of COF percolated through the PES membrane varied from 2.5-
10.0 µg corresponding to mass loadings of 0.6 - 2.4 µg/cm2, respectively. Using the previously 
calculated density of 638 kg/m3, these mass loadings corresponded to thicknesses of 
approximately 10 - 40 nm.  
The water permeability coefficient decreased by approximately 10 percent, from 9.8 to 
8.9 m/d, after a mass loading of 0.6 µg/cm2 and approximately 5 additional percent after a total 
mass loading of 1.2 µg/cm2. In both cases, the changes in water flux were measurable almost 
instantaneously suggesting that there were defects in the PES membranes, resulting in relatively 
large void spaces that were very quickly filled by COF particles. Despite the initial drop in water 
permeability, there was no significant change when the mass loading was increased from 1.2 to 
2.4 µg/cm2. The lack of change indicates that the increased mass of COF did not lead to 
additional resistance to water transport though the membrane.  
UV absorption over the wavelength range of 200 - 400 nm was used to investigate 
whether or not any COF passes through the PES UF support. Although a 115 mg/L suspension 
showed a broad absorption over the entire wavelength range, the permeate collected at 0.1 - 0.5 
MPa did not exhibit any UV absorption. This indicates that the permeate concentration was 





Figure A.7. Pure water flux as a function of applied pressure. The slope of each line corresponds 
to the pure water permeability coefficient, A, for each pristine or coated membrane. Note that for 
loadings of 1.2, 1.8, and 2.4 µg/cm2, the points/lines coincide. 
 
Figure A.8 includes SEM images of the pristine PES, PES with 2.4 µg/cm2 COF, and 
PES with 2.4 µg/cm2 COF after being rinsed with water. As shown in Figure A.8a and b, the 
surface of the pristine PES was relatively smooth. In contrast, the surface morphology of the PES 
loaded with 2.4 µg/cm2 COF, shown in Figures A.8c, d, and e had more features and was visibly 
rougher. Comparing the images in Figure A.8e and f indicates that the COF deposited was not 
easily removed by a simple rinse.  It is also interesting to notice that although some globular 
structure features were observed (Figure A.8d), in contrast to the observation for the bulk 
polyimide COF (Figure A.1), they did not dominate revealing that a structural transformation 


























Figure A.8. SEM micrographs of the surface morphologies of a) pristine PES at 2,500x 
magnification, b) pristine PES at 10,000x magnification, c) PES loaded with 2.4 µg/cm2 COF at 
2,500x magnification, d) and e) PES loaded with 2.4 µg/cm2 COF at 10,000x magnification, and 







The preliminary water flux data indicated that adding COF particles to a PES UF 
membrane resulted in less water passage through the membrane, but mass loadings exceeding 
1.2 µg/cm2 provided no additional resistance to water transport suggesting that the effect 
occurred at the interface. As a result, additional permeation experiments were conducted to 
evaluate whether the COF-modified membranes could act as efficient yet selective semi-
permeable barriers to water contaminants. In particular, the ability to retain Rhodamine-WT (R-
WT), a surrogate for organic contaminants, was investigated. Feed solutions contained 2.5 mg/L 
R-WT and were adjusted to pH 6.75 ± 0.05 before the start of each experiment. Figure A.9a 








Figure A.9. a) R-WT rejection by the pristine PES (black diamonds) and the COF-loaded 
membrane (blue circles) and b) the corresponding water permeability. 
Unfortunately, there was no significant difference between the rejection capabilities of 











































several possible explanations as to why the COF-PES hybrid membrane did not exhibit enhanced 
rejection of R-WT including the large pore size of the COF (~3.3 nm) and the comparatively 
small size of R-WT (~1.5 nm). In addition, the SEM images in Figure A.8 indicate that 
percolation did not provide even surface coverage of the COF. Moreover, as a top-down 
approach that utilized the pre-formed COF power, this deposition strategy did not result in 
crystallographic alignment of the COF. Therefore, the membrane may lack the one-dimensional 
channels that were initially discussed as being ideal for separation processes.  Overall, this work 
indicates that percolation of the pre-formed COF powder is not a suitable method for incorporate 
COFs into the membrane structure. 
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SUPPORTING INFORMATION FOR CHAPTER 3 
B.1 Figures 
 
Figure B.1. a) Schematic of the interfacial polymerization reaction to form a TAPB-PDA COF 
film on top of a PES support and b) chemical structures of TAPB and PDA and reaction scheme 


















































Figure B.2. SEM images for cross sections of a pristine PES membrane (left column), 
PES+polyimine COF membrane (center column), and control membrane (right column) at 
magnifications of 2,500x (top row), 10,000x (middle row), and 40,000x (bottom row). The PES 
control membrane was subject to the IP reaction conditions in the absence of PDA, TAPB, and 
Sc(OTf)3. 
 







Figure B.3. TEM images of a) the polyimine COF film (top view) transferred onto a TEM grid 
and cross sections of b) pristine PES membrane, c) PES+1 layer of the polyimine COF 
membrane, d) PES+3 layers of the polyimine COF membrane, and e/f) PES+6 layers of the 














Figure B.4. a) Full spectra RBS characterization of pristine PES (green), PES+polyimine COF 
films prepared by performing the IP reaction 1 (orange), 3 (blue), and 6 (red) times successively, 
and control membrane (black). Carbon, nitrogen, oxygen, and sulfur are indicated as C, N, O, 
and S, respectively. Carbon (b) and nitrogen (c) peaks and energy offsets to oxygen (d) and 
sulfur (e) become increasingly evident as more COF layers are added. Unfilled points represent 
raw data points, and solid lines represent simulations obtained using SIMNRA. These 
simulations indicate film thicknesses of 10.4 ± 2.6 nm, 19.5 ± 3.9 nm, 50.6 ± 3.9 nm for 1, 3, and 
6 COF layers, respectively. 
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Figure B.5. FTIR spectra of TAPB (purple) and PDA (pink) monomers, the polyimine COF in 
powder form synthesized via solvothermal synthesis (blue), PES+polyimine COF membrane 
(green), and pristine PES membrane (black). The peaks in the region 3300-3500 cm-1 indicative 
of primary amine groups in TAPB and peak at 1685 cm-1 representative of aldehyde functional 
groups are absent in spectra for the COF membrane supporting the occurrence of a reaction 



















Figure B.6. FTIR spectra for pristine PES (green), PES+polyimine COF, and PES control (black) 
membranes. The IP reaction was performed 1, 3, and 6 times consecutively to obtain 1 (orange), 
3 (blue), and 6 layers (red) of the polyimine COF on top of the PES support. Vertically dashed 
lines in the inset indicate wavenumbers of 1698, 1622, and 970 cm-1 corresponding to peaks 
reported in the literature for the TAPB-PDA COF,1,2 while the peak at 1518 is attributed to C=C 
stretching of the aromatic rings. Each data set was normalized using the greatest peak intensity in 
that spectrum. Control PES membrane was exposed to organic solvents and water under the 
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Figure B.7. Wide angle x-ray scattering (WAXS) diffractograms for pristine PES (black) and 
COF membranes (red) prepared by performing the IP reaction consecutively to form 3 COF 
layers on the PES support. The patterns obtained for the COF membranes (1, 3, and 6 COF 














Figure B.8. Water permeability for R-WT experiments. Control PES membrane was exposed to 
the organic solvents and water under the same conditions used for film formation but in the 
absence of PDA, TAPB, and Sc(OTf)3. 
 
Figure B.9. Water permeability for NaCl experiments. Control PES membrane was exposed to 
the organic solvents and water under the same conditions used for film formation but in the 
absence of PDA, TAPB, and Sc(OTf)3. 
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B.2 Water and Solute Permeation Analysis 
Measurements of water flux and the solute rejection of R-WT by the pristine PES and 
NF-270 membranes and NaCl for pristine PES, COF membrane, and NF-270 were fit according 
to Equations B.1 and B.2:3 
Jv = A(pf-πw)    Equation B.1 








  Equation B.2 
where Jv (m/d) is the permeate flux, A (m/(d×MPa)) is the water permeation coefficient, pf (MPa) 
is the feed hydraulic pressure, πw (MPa) is the feed osmotic pressure adjacent to the membrane 
wall, cp and cf, are the solute concentrations in the permeate and bulk feed solution, respectively, 
B (m/d) is the solute diffusive permeation coefficient, α is the fraction of the total water flux that 
corresponds to advection through the membrane due to imperfections, and k (m/d) is the mass 
transfer coefficient of the solute in the concentration polarization film. 
 The mass transfer coefficient k for R-WT was determined using a regression analysis 
(constraining α, B, and k >0) to obtain the best-fit value for the commercial NF-270 membrane 
because this is the most selective out of membranes tested in this study. R-WT is the larger of the 
two solutes; therefore, it experiences greater concentration polarization and provides the most 
accurate determination of its mass transfer coefficient in the concentration-polarization layer. 
The mass transfer coefficient for NaCl (measured with Cl- ion) was calculated from that of R-







    Equation B.3 
where the molecular diffusion coefficients for NaCl and R-WT are DNaCl = 1.6x10-9 m2/s and DR-
WT = 3.3x10-10 m2/s. The molecular diffusion coefficient for NaCl was calculated using the self-
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diffusion coefficients4 for each of the respective ions and assuming dilute solution conditions. 
For R-WT, the diffusion coefficient in water was estimated using the Wilke-Chang correlation.5 
The initial fitting of the NF-270 rejection data according to the aforementioned procedure 
resulted in B = 0 m/d. As a result, the data set was fit with varying B values, and each of these 
model outputs was compared with the B = 0 m/d case using Akaike’s Information Criteria (AIC) 
to obtain the largest non-zero B value that accurately represented the data. 
In order to determine the intrinsic transport parameters for the COF active layer, the 
following steady-state two-film model equations were combined and used to find BCOF and aCOF 
using a regression analysis.  
Jvcp = BCOF(cw-ci) + aCOFJvcw  Equation B.4 
Jvcp = BPES(ci-cp) + aPESJvci  Equation B.5 
 
 
where cw and ci are the solute concentrations at the membrane surface and at the interface 
between the COF active layer and PES support, respectively, BCOF (m/d) is the intrinsic solute 
diffusive permeation coefficient of the COF active layer, and αCOF is the fraction of the total 








(m/d) is the solute diffusive permeation coefficient of the PES support, and αPES is the fraction of 
the total water flux that corresponds to advection through the PES support due to imperfections. 
These transport parameters for PES were determined by fitting the PES rejection data using 
Equation B.2. Jv and cp were defined in the previous section.  
Equations B.4 and B.5 may be combined to obtain the rejection for the two-film 
PES+polyimine COF membranes. 
Rejection = 100 × 1−
cp
cf
 =  
100	× 1 – 1
1+




  Equation B.6 
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SUPPORTING INFORMATION FOR CHAPTER 4 
C.1 Figures 
 
Figure C.1. Molecular structures of a) Alexa Fluor 488 (AF-488) carboxylic acid and b) 
Rhodamine-WT (R-WT). 
AF-488 
MW = 531 g/mol 
R-WT 
























Figure C.2. Water permeability for AF-488 experiments by pristine PES, PES control, COF NF, 
and commercially-available NF-270 membranes. Corresponding rejection data can be found in 
Figures 4.1-4.4, 4.5, 4.7, and C.3. 
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Figure C.3. AF-488 rejection by the commercial NF-270 semi-aromatic PA membrane. The three 
points with Jv > 0.8 m/d were fit using the single-film rejection model. Equation 4.1/C.4 was 
used to calculate a unique B for each of the points at ~0.1, 0.25, 0.4, and 0.6 m/d. In all cases a = 
0. 
 
C.2 Water and Solute Permeation Analysis 
C.2.1 Water Transport 
Water transport across a membrane is driven by the pressure difference, including the 
osmotic pressure, across the membrane. Therefore, the water flux, Jv, is dependent on the 
pressure and concentration gradients according to the following equation:1 
Jv = A(Δp-Δπ) ≈ A(pf-πw)   Equation C.1 
where pf (MPa) is the feed hydraulic pressure, πw (MPa) is the feed osmotic pressure adjacent to 




C.2.2 One-Film Model for Solute Transport 
Solute transport is driven by the concentration gradient across the membrane. In addition, 
membranes often contain imperfections that provide channels for convective salt transport. 
Combining these two phenomena, the solute flux, Js, can be expressed by the following equation: 
Js = Jvcp = BΔc = B(cw-cp) + αJvcw  Equation C.2 
where B (m/d) is the solute diffusive permeation coefficient, cw and cp, are the solute 
concentrations adjacent to the membrane surface and in the permeate solution, respectively. 






k     Equation C.3 
where k (m/d) is the mass transfer coefficient of the solute in the concentration polarization film. 
Furthermore, Equations C.2 and C.3 can be combined to obtain the following expression 
for solute rejection. 








  Equation C.4 
The mass transfer coefficient for AF-488 was calculated to be 0.95 m/d using the ratio of 








    Equation C.5 
where kR-WT = 0.90 m/d and DR-WT = 3.3x10-10 m2/s as reported previously,3 and DAF-488 = 3.6x10-
10 m2/s, which was calculated using the Wilke-Change Correlation, an empirical relationship that 




For each pristine PES membranes, the points at the three highest fluxes, ~0.6, 0.8, and 0.9 
m/d were analyzed by performing a least squares regression using Equation 4.1/C.4 to obtain α 
and B. This α was then used along with each remaining Jv and corresponding rejection to 
calculate a unique B parameter for each of these data points using Equation 4.1/C.4. 
 
C.2.3 Two-film Model for Solute Transport 
In order to determine the intrinsic transport parameters for the COF active layer, the 
following steady-state two-film model equations can be applied to describe the solute flux.  
Js = Jvcp = BCOF(cw-ci) + aCOFJvcw   Equation C.6 
Js = Jvcp = BPES(ci-cp) + aPESJvci  Equation C.7 
where ci is the solute concentration at the interface between the COF active layer and PES 
support, BCOF (m/d) is the intrinsic solute diffusive permeation coefficient of the COF active 
layer, and αCOF is the fraction of the total water flux that corresponds to advection through the 
COF active layer due to imperfections. BPES (m/d) is the solute diffusive permeation coefficient 
of the PES support, and αPES is the fraction of the total water flux that corresponds to advection 
through the PES support due to imperfections.  
Equations C.3, C.6, and C.7 can be combined to obtain the rejection for the two-film 
PES+polyimine COF membranes. 
Rejection = 100 × 1− cp
cf
 =  100	× 1 – 1
1+









In order to account for the changing solute permeation coefficient, B, the intrinsic 
transport parameters, αCOF and BCOF, were solved for simultaneously using the following system 
of equations: 
If Jv < 0.25 m/d,  Jvcp = BCOF1(cw-ci) + aCOFJvcw  Equation C.9 
If 0.25 m/d < Jv < 0.45 m/d, Jvcp = BCOF2(cw-ci) + aCOFJvcw  Equation C.10  
If 0.45 m/d < Jv < 0.65 m/d Jvcp = BCOF3(cw-ci) + aCOFJvcw  Equation C.11  
If Jv > 0.65 m/d,  Jvcp = BCOF4(cw-ci) + aCOFJvcw  Equation C.12 
where cw was calculated for each Jv using Equation C.3. The concentration ci was calculated 
using Equation C.7 with BPES and aPES obtained for each PES membrane using the procedure 
described for the one-film transport model. This method generates four unique B parameters for 
each of the COF membranes. Applying this procedure to COF membranes #1, #3, and #4 results 
in 16 B parameters, which are plotted as a function of Jv in Figure 4.5. 
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SUPPORTING INFORMATION FOR CHAPTER 5 
D.1 Figures 
 
Figure D.1. Molecular structures for a) tris(4-aminophenyl)benzene (TAPB),  b) 
terephthalaldehyde (PDA), and c) triformylbenzene (TFB). The reaction of TAPB with PDA 
results in the imine-linked COF shown in (d) whereas the reaction of TAPB with TFB produces a 



















Figure D.2. Interfacial polymerization of the imine-linked COFs performed using 0.5 mL of 5 
mM Sc(OTf)3 and 0.5 mL organic monomer solution (a) initially and (b) after a 30 min reaction 
time. The stoichiometric concentrations of monomers are 1.56 mM TAPB and 2.34 mM PDA or 
1.56 mM TFB. 
 
 
Figure D.3. Cross-sectional TEM images of the PES+TAPB-TFB COF membranes where a) 
indicates several electron-dense features, and b) depicts a portion of the COF active layer that 
detached from the underlying PES support. 
 








Figure D.4. FTIR analysis of monomer TAPB, which exhibits a strong absorbance at 1510 cm-1, 
denoted by the vertically dashed line, and several weaker bands in the range 3340-3480 cm-1. 
The peak at 1510 cm-1 is attributed to the three outer aromatic groups of the TAPB molecule, and 









Figure D.5. Water permeability for R-WT experiments. The corresponding data for R-WT 
rejection is shown in Figure 5.3a. 
 
Figure D.6. Water permeability for NaCl permeation experiments. The corresponding NaCl 
rejection data is presented in Figure 5.3b. 
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